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Im Rahmen dieser Arbeit werden drei Perylen-Derivate als Zwischenschichten in 
Metall/organische Schicht/S-GaAs(100)-Heterostrukturen eingesetzt. Das Ziel dieser Arbeit ist, den 
Einfluss von unterschiedlichen chemischen Endgruppen auf die elektronischen und chemischen 
Eigenschaften der Grenzflächen, sowie auf die molekulare Orientierung in den organischen Schichten 
nachzuweisen. 
Die Moleküle 3,4,9,10-Perylentetracarbonsäure Dianhydrid (PTCDA), 3,4,9,10-
PerylenTetraCarbonsäure DiImid (PTCDI) und Dimethyl-3,4,9,10-PerylenTetraCarbonsäure DiImid 
(DiMe-PTCDI) wurden durch organische Molekularstrahldeposition (OMBD) im Ultrahochvakuum auf 
Schwefel-passivierte GaAs(100):2x1-Substrate aufgedampft. Oberflächensensitive 
Charakterisierungsverfahren wie Photoemissionsspekroskopie (PES), Inverse 
Photoemissionsspektroskopie (IPES) und Nahkantenröntgenfeinstrukturmessungen (NEXAFS) 
wurden zur Charakterisierung eingesetzt. Theoretische Berechnungen mit Hilfe von Dichte-Funktional-
Methoden wurden durchgeführt, um eine Zuordnung von verschiedenen Komponenten in 
Rumpfniveauspektren zu ermöglichen.  
Die NEXAFS-Messungen ermöglichen eine genaue Bestimmung der Molekülorientierung in 
Bezug zum Substrat. So lässt sich nachweisen, dass eine kleine Änderung von chemischen 
Endgruppen z.B. bei DiMe-PTCDI verglichen mit PTCDI, eine dramatische Änderung der 
Molekülorientierung hervorruft.  
Die Valenzbandspektren von DiMe-PTCDI zeigen eine energetische Dispersion von 0.2 eV, die 
auf eine π-Orbital-Überlappung zurückzuführen ist und die Ausbildung von Valenzbändern belegt. 
Die Energieniveauanpassung an der organische Schicht/S-GaAs-Grenzfläche, sowie die 
Transport-Bandlücke von PTCDI, DiMe-PTCDI und PTCDA wurden mit Hilfe von PES und IPES 
bestimmt.  
Die elektronischen, chemischen und strukturellen Eigenschaften von Metall/Organische 
Schicht- Grenzflächen wurden mit Hilfe von Rumpfniveauspektroskopie und NEXAFS untersucht. Mg 
reagiert stark mit den Endgruppen von PTCDA und PTCDI, währenddessen die In-Atome an einem 
Ladungstransferprozess mit den Perylen-Kernen aller dreien Molekülen beteiligt sind, wobei der 
Betrag der transferierten Ladung maximal für den Fall von PTCDI wird. Während Mg sehr wenig in die 
organischen Schichten diffundiert, zeigt In sehr starke Eindiffusion in PTCDA-Schichten und 
schwache in PTCDI-Schichten. 
 
Schlagwörter  
Organische Moleküle, Organische Molekularstrahldeposition (OMBD), GaAs(100), In, Mg, 
Grenzfläche, Molekulare Schichten, energetische Dispersion, Photoemission (PES), inverse 
Photoemission (IPES), NEXAFS. 
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    Chapter 1 
1 Introduction 
Metal/organic/semiconductor hybrid structures may have a technological impact for the 
development of high frequency Schottky diodes for telecommunication purposes. Recently it 
was shown that the usage of a 3,4,9,10-Perylene-TetraCarboxylic DiAnhydride (PTCDA) in 
hybrid Ag/PTCDA/InP [Kow98] and Ag/PTCDA/GaAs [Par02] junctions results in a lowering 
of operating voltages. An estimate of 42 GHz is given for the high frequency limit for an 
optimised InP [Kow98] device which is about one third of the frequencies obtained in 
nowadays commercially available GaAs Schottky diodes. By introducing a thin organic 
molecular film of PTCDA between Ag and GaAs(100), the effective barrier height 
systematically varies depending on the PTCDA layer thickness and the GaAs(100) surface 
treatment [Par02]. A broader range of barrier heights is expected to be obtained by applying 
other organic molecules having different chemical end groups and electronic properties. 
The substantial parameters which determine the operating range of a Schottky diode are 
the critical frequency and the operating voltage both being influenced by the properties of the 
organic/inorganic semiconductor and metal/organic interfaces. The operating voltages of 
such devices are closely related with the effective transport barrier heights at the interfaces. 
Electrical measurements performed in our group proved that the use of perylene derivatives, 
such as PTCDA or N,N’-DiMethyl 3,4,9,10-Perylene-Tetracarboxylic DiImide (DiMe-PTCDI) 
as intermediate organic layers in Ag/S-GaAs Schottky diodes, can vary the barrier height as 
a function of the thickness of the organic layer [Zah03].  
As a function of the organic layer thickness one can distinguish different mechanisms. 
For thicknesses below 1 nm, the alignment of the energy levels at the interface is decisive. 
Since the substrates used and the organic materials are primarily electron conducting, the 
barrier for electrons is determined by the offset between the conduction band minimum 
(CBM) and the lowest unoccupied molecular orbital (LUMO). If the LUMO lies above the 
CBM of GaAs, the electrons have to overcome an additional barrier. The current-voltage 
characteristics of organic modified Ag/GaAs(100) revealed increasing currents with 
increasing interlayer thickness thus indicating a lowering of the effective barrier height. The 
increase in the current is observed up to layer thicknesses of 30 nm while saturation at low 
biases occurs for larger thicknesses. This limitation results from the small mobility of the 
charge carriers in the organic layers. Since the organic layers and with it the dielectric 
properties are anisotropic, this effect depends on the orientation of the molecules and the 
structural order in the organic layers. Higher order in the organic layers results in higher 
carrier mobilities.  
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A complete investigation of the chemistry, morphology and electronic structure of metal-
organic interfaces is prerequisite to fully understand the electrical characteristics of the 
organically modified Schottky diodes. The reaction between a metal and the organic film can 
produce a complex interface characterized by electronic gap states that can control the 
electron injection. When the interface is reacted and the density of gap states is large the 
conduction in the interface region occurs via and/or tunneling between the gap states into the 
LUMO. When the interface is abrupt and free of gap states its properties are defined by the 
energy offset between Fermi level and LUMO, the barrier leading to a blocking contact.  
Ultimately, the combination of the sulphur passivated GaAs(100) surface with an introduction 
of an organic film can provide a broad range of the effective barrier heights in a precisely 
controllable way. Moreover, the electronic properties at the Metal / organic interfaces strongly 
depend on the molecular structure of the organic molecule. This may be considered an 
important ingredient in the direction of an optimized GaAs Schottky contact. 
In addition to previous works on Ag/organic/S-GaAs with PTCDA and DiMe-PTCDI layers, 
this work focuses on such heterostructures involving In and Mg as metals and a third 
molecule 3,4,9,10-Perylene-TetraCarboxylic DiImide (PTCDI) as constituent of the organic 
interlayer. 
In order to characterize both interfaces, namely organic/inorganic semiconductor and 
metal/organic interfaces, surface sensitive synchrotron based techniques were employed. 
These include photoemission spectroscopy both in the valence band (VB) and core level 
region as well as near edge X-ray absorption fine structure (NEXAFS) measurements. The 
combination of these techniques provides information on the interface chemistry, energy 
level alignment and molecular orientation. Moreover, lab based inverse photoemission 
spectroscopy (IPES) was used to obtain the position of unoccupied molecular states in order 
to derive information on the transport gap for the three different perylene derivatives.  
 The thesis is organised as follows. Chapter 2 presents a theoretical introduction to the 
employed experimental techniques. The sample preparation details are described in Chapter 
3. The growth parameters of the perylene derivatives as well as the metals involved are 
introduced. Chapter 4 discusses a comparison of the ab initio calculation performed with 
density functional methods (DFT) on single molecules, with the experimental core level, 
valence band and inverse photoemission results. The molecular orientation of the perylene 
derivatives is established by means of NEXAFS in chapter 5. Chapter 6 probes the metal 
organic interfaces and determines their electronic properties using core level spectroscopy 
as well as NEXAFS. Finally, chapter 7 provides the concluding remarks of this work. 
 
 
Chapter 2. Electron Spectroscopic Methods - 7 – 
 
 
Chapter 2 
Electron Spectroscopic Methods 
This chapter describes the electron spectroscopic methods employed to 
study the electronic structure of a system. Some important concepts used in 
this thesis are introduced as well. 
 
Before proceeding to a discussion of the individual experiments the electronic 
transitions which provide the basis of the experimental spectroscopic studies of occupied and 
unoccupied states are outlined. These are illustrated schematically in figure 2.1. The first two 
cases (a) and (b) involve transitions from occupied to continuum states. The process is 
prompt and an UV or X-ray photon excites the valence and core level electron, respectively, 
to be emitted from the system as a free electron. Such a transition is the basis of Ultraviolet 
Photoemission Spectroscopy (UPS) and X-ray Photoemission Spectroscopy (XPS), 
respectively, and in this case the spectra are related to the density of occupied states 
(DOOS). The third transition in figure 2.1 (c) is from a core to an unoccupied valence state 
and is the basis of X-ray absorption (XAS) experiments. In many cases the spectra are 
directly related to the density of unoccupied states (DOUS). However, the process is local 
and governed by dipole selection rules (see next section) so that XAS gives data related to 
the site and symmetry selected DOUS. Therefore, XAS is a complementary technique to 
Inverse Photoemission Spectroscopy (IPES) which samples all the unoccupied states. In 
IPES, electrons from a monochromatic beam relax into unoccupied states with simultaneous 
emission of UV radiation. This process is depicted in figure 2.1(d). 
           UPS                XPS                   XAS                IPES 
            (a)                    (b)                     (c)                   (d)   
 
Unoccupied 
Orbitals 
 
 
 
Occupied Orbitals 
 
 
 
 
Core levels 
 
Figure 2.1 A schematic picture of radiation absorption and emission in the frame of a molecule 
as probed by the techniques involved in this work. 
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2.1 Theoretical considerations – Matrix elements 
 The interaction between an atom and the radiation field is described by non-
relativistic quantum mechanical theory [Lan77]. The interaction term can be found by 
considering the Hamiltonian: 
 
2
radiation
1 eH p A e H
2m c
⎡ ⎤⎛ ⎞= − + φ +⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
G JG
                                       (2.1) 
where A
JG
 and φ  are the vector and scalar potential of the radiation field. The interaction term 
is: 
 int
e ieH p A A
mc mc
= − ⋅ = ∇ ⋅G JG JG=                                                 (2.2) 
The radiation field is quantized by inclosing it in a certain volume V with A
JG
 periodic on the 
walls. The radiation field can then be regarded as an infinite set of harmonic oscillators, one 
for each value of the propagation vector k
G
and a particular direction of polarization e
G
. 
 For simplicity let us consider absorption as the result of a perturbation introduced by 
an electromagnetic wave with electric field vector E
JG
and vector potential A
JG
. It is common to 
work in the Coulomb gauge where the two quantities are related as: 
1 AE
c t
∂= − ∂
JGJG
. The form of 
a plane electromagnetic wave can be written as: 
   ( ) ( )i k x t i k x t00 AA eA cos(k x t) e (e e )2
⋅ −ω − ⋅ −ω= ⋅ − ω = +
G G G GJG G G G
                   (2.3) 
Substituting Eq. (2.3) into Eq. (2.2) and considering that only the time dependent term i te− ω  
in Eq. (2.3) causes transitions that absorb energy, the transition probability per unit time from 
the initial state, i, to the final state, f, can be expressed as: 
    
( )
( )
2int
2 2
2 ik x
02 2
2= H E E )
e        = A e e p E E )
2 m c
←
⋅
π 〈 〉 δ − − ω
π 〈 ⋅ 〉 δ − − ωG G
==
G G
==
f i f i
f i
w f i
f i
                    (2.4) 
This is Fermi’s “Golden Rule”, where i
i
p p= ∑G G  is the sum of the linear momentum operators 
and ω  is the frequency of the incoming photons.  
 
2.1.1 Dipole approximation 
 Since the wavelength of the electromagnetic wave is much longer in the soft X-ray 
region than the atomic dimension, the term ik re− ⋅
G G
 in Eq. (2.4) can be expanded as: 
 ( )2ik r 1e 1 ik r ik r .......2!− ⋅ = − ⋅ + ⋅ −G G G G G G                                       (2.5) 
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and retaining only the first term ik re 1− ⋅ →G G , we get the electric dipole transition approximation. 
This replacement is equivalent to replacing the atom by an electric dipole. In this 
approximation Eq. (2.6) becomes: 
   ( )2 2202 2e= A e p E E )2 m c← π 〈 ⋅ 〉 δ − − ω
G G
==f i f iw f i                            (2.6) 
2.1.2 Selection rules 
 The dipole selection rules are derived from the integrals in Eq. (2.6). The integrals 
can be different from zero only when l 1, s=0, j= 1,0Δ = ± Δ Δ ± . Since the transitions which 
takes place in a particular atom can be expanded in atomic-like wavefunctions around the 
atom of interest, these so-called dipole selection rules apply to all systems i.e. atoms, 
molecules, solids.  
 
2.1.3 Cross section  
 The transition probability of Eq. (2.4) can be converted into a cross section 
description for convenience and comparison with measurements. This can be done if the 
probability is divided by the incident flux of radiation. This is given by the average magnitude 
of the Poynting vector for the electromagnetic field divided by the photon energy.  
    
ωΡ = π=
2
0A8 c
                                                                 (2.7) 
Thus, the differential cross section dσ in a solid angle dΩ is: 
   ( )2 2 2 22d 4 e e 1= e p E Ed m c f ii
σ π 〈 ⋅ 〉 δ − − ωΩ ω
G G= == = f                       (2.8) 
In the case that the final state f is in a certain infinitesimal energy range, Eq. (2.8) becomes: 
   ( )2 2 2 22d 4 e e 1= e p (E) E Ed m c f ii
σ π 〈 ⋅ 〉 δ − − ωΩ ω
G G= == = ff ρ              (2.9) 
where (E)fρ  is the density of final states. 
 
2.2 PhotoEmission Spectroscopy 
 
 PhotoEmission Spectroscopy (PES) is a surface sensitive technique providing 
information about the occupied electronic energy levels in a system. In a photoelectron 
spectroscopic measurement information about the elements that are present in a sample and 
their chemical environment is provided. The electrons in an atom can be divided in two 
categories: core and valence electrons, as depicted in the figure 2.2. Core electrons are 
tightly bound to the nucleus (high binding energies) and do not participate directly in the 
chemical bonding between atoms. Valence electrons, on the other hand, are more loosely 
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bound (low binding energies) and are thus the main contributors in the formation of the 
chemical bonds.  
                                   
Figure 2.2 The electrons in an atom: core electrons and valence electrons. Solid circles: localized, 
atom-like orbitals. Shaded area: more or less delocalized, molecular orbitals. 
Due to their high binding energies, the orbitals of the core levels have nearly atomic 
character also for molecules and solids. All the atoms have specific core electron binding 
energies that can be used for a quantitative analysis of the sample. However, the detailed 
energy position of the core level in the spectrum depends on the chemical state of the 
probed atoms giving rise to the so-called chemical shift. The shifts are given by the 
electrostatic potential energy changes close to the nucleus induced by the redistribution 
occurring among the valence electrons. A valence electron transfer, for example, from the 
environment to the considered atom will give a negative contribution to the electrostatic 
potential close to the nucleus and thus leads to a lowering of the core binding energy. 
Therefore, the chemical shifts can be used for a determination of the chemical environment 
of the atoms. One can also distinguish the emissions from atoms located in the bulk and at 
the surface. This is because the atoms at surface may experience a change in bonding 
geometry, charge distribution and final-state screening in photoemission. Therefore, the core 
level binding energies of surface atoms are generally expected to shift with respect to the 
bulk. This effect is called surface core level shift. 
Since the valence electrons are directly involved in the formation of the chemical 
bonds they are more direct probes of the bonding process. However, the interpretation of the 
valence spectra is more difficult since in this binding energy region the atomic orbitals 
overlap and form molecular orbitals or bands. Comparison with quantum chemical 
calculations is generally required. In such calculations the Hartree-Fock or Kohn-Sham 
equations are solved using ab initio, semi-empirical or density functional theory (DFT) 
methods, respectively.  
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2.2.1 Phenomenology 
 
PES is based on the phenomena of photoemission which was detected by Hertz in 
1887. In 1905 Einstein proposed the concept of the “photon”, its energy being given by the 
relation:  
 E h= ν                                                                  (2.9) 
where: h - Plank's constant (6.62⋅10-34 J⋅s); ν - frequency (Hz) of the radiation. The 
photoelectric effect (see figure 2.1) can be explained using the following simple formula: 
  Kin B sE h E= ν − − φ                                                      (2.10) 
where EKin is the kinetic energy of the photoelectron above the solid vacuum level, hν is the 
photon energy, EB is the binding energy of the electron, also referred to as the ionization 
potential and φs is the work function of the sample.  
If the energy provided to the photoelectron from the incident photon is larger than the 
binding energy of the electron, then the photoelectron can be ejected from the atom. 
Additionally, the photoelectron must still give up energy to overcome the attractive forces of 
the lattice. This is known as the work function and is dependent on the composition and 
chemical environment of the material under investigation. The energy remaining to the 
photoelectron is in the form of kinetic energy. The kinetic energy distribution of the emitted 
photoelectrons can be measured using an appropriate electron energy analyzer and a 
photoelectron spectrum can thus be recorded (figure 2.3.). 
 
Several types of light sources can be used for the PES measurements: characteristic 
X-rays (e.g. AlKα, MgKα), soft X-rays (e.g. ZrMξ), UV (e.g. HeI, HeII) and synchrotron 
radiation. The energy of the light is the criterion of dividing PES into ultraviolet, soft X-ray and 
X-ray PES. Ultraviolet PES is commonly used to study states near EF, in the valence band, 
while using soft X-ray PES core-levels and shallow core levels are investigated. The X-ray 
PES is used to investigate the more strongly bound core levels.  
 
 
 
Figure 2.3. An illustrative example of a 
photoemission spectrum of a GaAs 
surface. Note the background electrons 
which result from secondary electrons 
excited but slowed down in energy due to 
inelastic scattering. VB
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2.2.2 Surface Sensitivity 
 
After the photoionization process a large number of electrons undergo inelastic 
scattering processes, repeatedly loosing energy by electron-electron, electron-plasmon or 
electron-phonon scattering. They may finally emerge as low energy electrons, constituting 
the secondary electron background in the valence electron spectra or the “inelastic tail” in 
core level electron spectra [Hüf95]. The inelastic scattering limits the probing depth of the 
photoelectrons. Therefore, the surface sensitivity of PES is a consequence of the very short 
escape depth of the electrons from the solid. For photon energies normally used the escape 
depth is only 5-25 Å, depending on the kinetic energy of the electron. The minimum escape 
depth and therefore the highest surface sensitivity is obtained at electron kinetic energies of 
about 50 eV. The surface sensitivity can be modified by changing hν, and here synchrotron 
radiation comes into play. Another method to enhance surface sensitivity is changing the exit 
angle of electrons emitted from the sample surface.  
 
2.2.3 Intensity 
 
 The intensity of a peak in a PE spectrum depends on: 
• the surface density of the correspondent element aρ   
• the differential cross section aσ  (see Eq. (2.8)) for emission of electrons from the 
relevant orbital 
• the mean free path ( )KinEλ of the electrons in the sample 
• the electron-optical transport by means of a spectrometer function Kin(E )S  
( )Kin Kin( , ) (E ) E∝ ω θ=a a aI σ ρ λ S                                          (2.11) 
The dependence of the differential cross section on ω=  and the angle θ  between the 
photon polarization vector and the direction of the photoelectron varies for different elements 
and orbitals. As implied by (2.11), it is important to consider the variation of  
( )Kin Kin( , ),  (E ) and Eω θ=aσ λ S  when using the photon intensities to estimate the relative 
concentration of an element in mind. 
 
2.2.4 Final State Effects 
 
 The intensity of a photoemission peak depends on both the initial and final state 
wavefunctions and the vector potential of the incident electromagnetic field (as implied by 
Eqs. (2.8) and (2.11)). The binding energy, BE , is simply the energy difference between the 
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final state with (N-1) electrons and initial (ground) state with N electrons. If we assume that 
no arrangement of the electrons occurs, meaning that they have the same spatial distribution 
and the same energies in the final state like in the initial state before the emission, then the 
binding energy equals the negative orbital energy of the emitted electron. This approximation 
is Koopman’s theorem [Hüf95].  
 
Screening effects 
 Upon photoionization, the removal of a core electron increases the positive charge at 
the atomic site. In the presence of a core-hole the unfilled levels associated with the ion are 
pulled down towards higher binding energy relative to the levels of the atom in its ground 
state. One of these levels could become populated to locally compensate the charge of the 
core-hole. This compensation process represents a partial deexcitation of the system and the 
kinetic energy of the outgoing electron will correspondingly be increased by the amount of 
this deexcitation energy. This energy reduction can originate both from the electrons on the 
atom containing the core-hole (intra-atomic screening) and from those on surrounding atoms 
(inter-atomic screening). The screening can be particularly effective for infinite systems such 
as solids. Moreover, it is expected to be most effective in a metal with its easily movable 
conduction electrons. Gas phase molecules do not have “channels” for inter-atomic 
relaxation. This is the reason why bulk work functions are lower in binding energy than first 
ionization energies. 
 
Spin-orbit (l-s) coupling 
 A very important final state effect for any orbital with angular momentum, l, larger than 
zero is spin-orbit splitting. After removing one electron from an orbital through photoemission 
the remaining electron can adopt a spin-up or spin-down configuration. With no spin-orbit 
interaction these states will have the same energy. However, the spin-orbit coupling lifts the 
degeneracy and the angular momentum l will interact with the electron spin s (=±1/2). Thus 
the final state can be either j=l+1/2 or j=l-1/2. The degeneracy of the two levels is given by 
(2j+1) and determines the probability of that state being the final state of the system. The 
relative intensities of the peaks in the core level doublet are given by the ratio of 
degeneracies of the states.  
2
1
I 2 +1
I 2 +1
= (l - s)
(l + s)
                                           (2.12) 
Satellites 
During the primary photoionization other electrons can be excited to higher-lying 
bound states (shake-up process) and the corresponding lines in the spectrum, appearing at 
higher binding energies, are called shake-up satellites. In the case of metals, the shake-up 
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processes are also manifested by the existence of asymmetric core line shapes [Hüf95]. If 
the excitation occurs into free continuum states, leaving the atom in a doubly ionized state, 
the effect is denoted as shake-off process. Sometimes satellites are also observed on the 
low binding energy side of the main peak. These are the shake-down satellites. In a solid 
sample, at direct photoemission, they can originate via filling of a previously unfilled level that 
is pulled down below another filled level in the presence of a core hole. The lower binding 
energy of the shake-down satellites compared to the main line is due to improved screening 
of the core-hole as a result of the shake-down process. 
2.2.5 Analysis of core level spectra – modelling of the peak shape 
 
 The analysis of an experimental core level spectrum is performed by comparing the 
experimentally determined peak shape with a theoretical model curve. The theoretical curve 
has to be assembled from contributions of several species as well as a background or 
baseline curve. The PE line shape may be theoretically characterised by spectral functions, 
which take into account all the possible excitation processes in the sample. In most cases 
these spectral functions may be described by a set of peaks, e.g. main line and satellites, 
doublets or even multiplets.  
 
Line Widths and Shape 
 The peak shape in the PE spectrum depends on several parameters. Due to the finite 
lifetime of the core hole the lines will have an inherent linewidth, generally a Lorentzian. 
Experimental factors, such as width and shape of the exciting radiation and the resolution 
and imaging properties of the analyzer, contribute to the total line width with a Gaussian 
distribution. Gaussian contributions may also be related to thermal broadening. Chemical, 
 
Figure 2.4 Multielectronic processes during photoemission. 
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structural, and electronic inhomogeneities in the surrounding of the emitting atom often 
contribute to Gaussian broadening, too. In addition, the PE lines maybe broadened by 
excitations during the PES process, such as vibrational excitations. 
 The total line shape resulting from the above mentioned factors is given by the 
convolution of Lorentzian and Gaussian distribution a so-called Voigt profile and is of the 
form: 
12 2
0
21 1
2 2L G
(E E ) (E E')I(E) f(L G) 1 exp ln2 dE'
w ( w )
−∞
−∞
⎧ ⎫ ⎧ ⎫⎡ ⎤− −⎪ ⎪= ∗ = + ∗ −⎨ ⎬ ⎨ ⎬⎢ ⎥⎣ ⎦ ⎩ ⎭⎪ ⎪⎩ ⎭∫                             (2.13) 
Where I is the intensity measured at the energy E, wL and wG are the full width at half 
maxima (FWHM) of the Lorentzian and Gaussian contributions, respectively. E0 is the peak 
position of the Voigt function and E’ represents the energy values over which the integration 
is carried out. Due to a more complex photo excitation process most metal signals exhibit 
inherently asymmetric peak shapes, which may be taken into account by substituting the 
Lorentzian by the Doniach-Sunjic peak shape [Don70]. It may describe the low-energy tail of 
the peak and is determined by the value of the so-called asymmetry parameter α.  
 The core level lines sit on a background or baseline of inelastic energy loss 
processes, secondary electrons and nearby peaks. A reasonable approximation is essential 
for a qualitative and quantitative analysis of XPS data especially if several components 
interfere in one spectrum. The choice of an adequate background model is determined by 
the physical and chemical conditions of the measurements and the significance of the 
background to the information to be obtained. Usually the background is approximated by a 
polynomial function. This is only a simple approximation and it may become necessary to 
use more accurate ones for a fit, for example a Shirley background which approximates a 
step function for the inelastic scattering [Shi72], or even a polynomial function combined with 
a Shirley background. 
 
Core levels fitting procedure 
 Before fitting a core level spectrum one should have a clear idea of how many 
components at which relative positions contribute to the spectrum. Each component is 
described using a Voigt profile function with the same Lorentzian width and the same spin-
orbit splitting, if present, for all core level components in one core level spectrum. Absolute 
peak positions, Gaussian widths and relative peak intensities were allowed to vary. Normally, 
a polynomial function combined with a Shirley background was chosen in order to obtain the 
best fit. The programme used for fitting is Unifit for Windows, Version 2004, by Ronald 
Hesse, University of Leipzig. 
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2.3 X-Ray Absorption Spectroscopy – NEXAFS 
 
 In X-ray Absorption Spectroscopy, XAS, electrons from a core level are excited to 
unoccupied levels or to the continuum by absorption of photons. Typically, a spectrum of 
excited electrons as a function of the incident photon energy is recorded. In principle an X-
Ray absorption spectrum can be distinguished into two different regions: the so-called “edge 
region” where the electron has a low kinetic energy and is likely to undergo multiple 
scattering or can be excited into unoccupied bound states below the Vacuum Level (VL), 
which is called Near Edge X-ray Absorption Fine Structure (NEXAFS). This region extends 
from the ionization edge with about 10 eV towards higher energies. The physical origin of the 
features in this region is different in various classes of matter, Rydberg states in atoms, 
bound valence states or bound multiple scattering resonances in molecules, core excitations 
in ionic crystals, many-body singularities in metals, etc.[Stö96]. In the range from about 50 
eV above the ionization edge the kinetic energy of the ionized electron is so high that it will 
usually undergo only single scattering by the nearest neighbours of the ionized atom. In this 
case the absorption spectrum will be dominated by the interference between the outgoing 
electron wave and the electron wave scattered back from the neighbouring atoms. By 
studying the resulting interference pattern the distance to these atoms can be found. This 
technique for determining interatomic distances is called Extended X-ray Absorption Fine 
Structure (EXAFS). For both techniques a tunable X-ray source is required and generally the 
experiments are performed using synchrotron radiation. In this thesis only NEXAFS results 
will be presented and therefore only the NEXAFS technique will described in detail.  
 
2.3.1 NEXAFS characteristics 
 
 As previously mentioned NEXAFS spectroscopy uses photons of well defined energy 
hν  to promote core electrons to unoccupied states in the vicinity of the absorption edge. By a 
variation of the photon energy the absorption into different unoccupied levels is probed.  
The state dependent absorption cross section NEXAFSσ  is described (see section 2.1) by: 
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Here,  and i f  denote the initial and final state, respectively, p
G
 is the linear momentum 
operator, E
JG
 is the electric field vector and (E)fρ  is the density of final states. The equation 
describes a number of characteristics of the method that are important in the interpretation of 
NEXAFS data: 
{ The matrix element p
G
f i  necessitates an overlap between the employed core 
level and the unoccupied orbital. Therefore, NEXAFS is a local probe, i.e. it 
measures the unoccupied states at the site of the core level. 
{ For NEXAFS, the dipole selection rule ±1Δl =  must be fulfilled. For excitations from 
the 1s orbital, employed in the measurements presented in this thesis, states 
mapped are only the ones that have a component with p-character at the excitation 
site. 
{ The scalar product of E and p
JG G
 give rise to an angular dependence of the cross 
section that can be used to determine the molecular geometry (cf. chapter 5)   
 The effective molecular potential and different types of final states for a diatomic 
molecule are depicted in figure 2.5. The plotted potential assumes positives values at the 
periphery of the molecule. The barrier is due to an additional centrifugal term 
2 2/(2mr )=l(l +1) in the molecular potential which arises when the Schrödinger equation is 
written in spherical coordinates. The same equation predicts empty Rydberg states just 
below the VL and a continuum of empty states above the VL. In addition, there are unfilled or 
empty molecular orbitals (MO’s) labelled in terms of π and σ symmetry and denote unfilled 
MO’s by an asterisk. Hence, the K-shell excitation spectrum of a molecule contains a variety 
of pronounced resonances which correspond to electronic transitions of a 1s initial state to 
unoccupied states near VL. Such a spectrum is resembled at the right side of figure 2.5. Note 
that at the ionization energy (IE), corresponding to the threshold for the transitions to 
continuum states, a step-like increase in the absorption is expected.  
The absorption spectra exhibit few sharp structures below IE, a step-like increase in 
absorption around IE followed by broader structures above IE. The natural width of the 
resonances, in the absence of instrumental broadening, is determined by the lifetime of the 
final state τ and by the vibrational motion of the molecule. The final state lifetime is separated 
into two contributions, the lifetime of the excited electron within the molecular potential eτ  
and the lifetime of the inner-shell hole state hτ , according to: e h1/ 1/ 1/τ = τ + τ . Note that for 
low-Z atoms, the lifetime of an excited bound state differs from the lifetime of a continuum 
excited state. A detailed explanation will be given in the next subsection.  
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Figure 2.5 Schematic effective potentials and the corresponding absorption spectra. 
 
π∗ and σ∗ resonances 
 The sharp peaks observed below IE energy correspond to transitions to π∗ 
antibonding orbitals of the molecule. Such transitions are named π∗ resonances. A π∗ 
resonance is only observed for molecules with π bonding (cf. section 4.1.1). In the π∗ 
resonance the final state lifetime is determined by the decay of the core hole, which 
predominantly proceeds via Auger decay, which is usually a very short process. Therefore, 
the lifetime width is extremely small, i.e. 0.1 eV and this allows observation of vibrational 
energy levels of the electronic final state with intensities determined by the Franck-Gordon 
factors [Stö96-2]. Within a series of molecules containing the same atoms, the intensity of 
the π∗ resonance changes with the bond order between the atoms.  
 Above the ionization energy (IE) the K-shell spectrum exhibits the so-called σ∗ 
resonances. The energy width of these resonances is related to the lifetime of the quasi-
bound electronic state. Because of the increasing decay probability of the electron in 
continuum states, σ∗ resonances become broader the higher they lie in the continuum. 
Furthermore, they are asymmetrically broadened by the vibrational motion of the atoms in 
the molecule. Since the σ∗ orbitals are directed along the internuclear axis between two 
atoms the energy position of these resonances is sensitive to the internuclear distance. 
 
2.3.2 Surface Sensitivity 
 
Absorption of X-rays leads to the creation of photoelectrons and Auger electrons. On 
their way out these electrons are inelastically scattered creating a cascade of secondary 
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electrons. In the total electron yield (TEY) mode, electrons of all energies are collected but 
the signal is dominated by the secondary electrons below 10 eV. The mean free path of 
these electrons is about 50-100 Å, determining the origin of the TEY signal to about the 
same thickness. The surface sensitivity can be enhanced by detecting Auger electrons and 
primary valence photoelectrons using partial electron yield (PEY) mode since the mean free 
path of these electrons of higher kinetic energy is about 10 Å. In this thesis NEXAFS 
measurements were performed using the TEY mode.  
 
2.3.3 Core-hole effect in NEXAFS 
 
In all known NEXAFS spectra the π∗ resonance is the lowest energy structure and its 
energy position falls below the 1s IE. In the core excited molecule there is an upward 
relaxation shift of the 1s orbital and a downward shift of the upper orbitals because of the 
increase in attractive Coulombic potential created by the core hole. This shift of the outer 
orbitals results in a transition energy of the π∗ resonance which is less than the ionization 
energy of the 1s orbital. An important aspect is that the final states in Eq. (2.14) are core-hole 
states which differ from the ground states and thus the interpretation of NEXAFS spectra in 
terms of the latter is not straightforward. However, one useful tool is the so-called Z+1 or 
equivalent core approximation. It assumes that the creation of a core-hole increases the 
nuclear charge of the relevant atom by one unit. The valence electrons feel the changed 
potential and relax accordingly. Very often, when used in a theoretical context, the 
approximation leads to an accurate prediction of the spectral features [San97, Nyb99]. 
 
2.4 Inverse Photoemission Spectroscopy – IPES 
 
Using the time reversed photoemission process, inverse photoemission spectroscopy 
(IPES) gives access to the empty electronic states in the energy region above the Fermi 
level. An electron with well-defined kinetic energy EKin and well-defined angle of incidence θ 
impinges on the sample and couples to states in the solid, which are lying above the vacuum 
level Evac of the sample. From this initial state with energy Ei and wave vector ki the electron 
decays radiatively to lower lying unoccupied electronic final states with energy Ef and wave 
vector kf. 
In the IPES experiment the emitted photons with quantum energy ω=  are detected for 
a photon take-off angle α. For this process the conservation of energy is 
      =i fE =E + ω               (2.15) 
and also for the momentum conservation 
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                                                        qGkk ++= fi                         (2.16) 
where G – is a reciprocal lattice vector. For photon energies below 100 eV the wave vector of 
the photon q remains small compared to the size of the Brillouin zone, so G and q can be 
neglected in the equation (2.16). In an IPES experiment with fixed photon energy ω=  the 
intensity of the radiation (count rate of the emitted photons) is measured as a function of the 
final state energy Ef for an angle of incidence θ of the electrons and a photon take-off angle 
α. In such a spectrum a peak should appear at energies Ef, where a direct transition between 
two bands separated by ω=  is possible. The width of the peaks is determined by the finite 
lifetime of the final states. A typical spectrum has its onset at the Fermi level EF and shows 
an energy dependent, nearly structureless background, which stems mainly from radiative 
transitions after electron – hole pair production. 
                 
Figure 2.6 Inverse photoemission processes. A peak appears in the measured spectra when the 
energy difference between initial and final states is equal to ω= . 
It should be taken into account that in contrast to the photoemission process, where 
the initial state is occupied and the final state is unoccupied, the inverse photoemission 
process involves two initially unoccupied states. Due to a limited number of final states Ef, 
the count rates will be much lower in the case of inverse photoemission spectroscopy than 
for ultraviolet photoemission spectroscopy.  
In order to understand the inverse photoemission process one must consider the 
following energy diagram shown in figure 2.7.  
On the left part and in the middle of the Figure the electronic structures for the cathode and 
for the sample are represented. φCath and φSample are the work functions of the cathode and of 
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the sample, respectively. In thermal equilibrium, the chemical potentials align as a 
consequence, the Fermi levels of the sample and the cathode will align. When a voltage V0 is 
applied to the cathode, the situation presents itself as shown in the figure 2.7, where the 
Fermi level of the cathode is displaced upward by an energy eV0. An electron, which is 
thermionically emitted from the cathode, is accelerated to the sample, and at the sample it 
has a kinetic energy Ek relative to the vacuum level Evac. From the initial state Ei the electron 
decays to the unoccupied state Ef emitting a photon. The final energy of the electrons 
becomes: 
                f 0 BCath
3E eV k T h
2
φ ν= + + − .                      (2.17) 
 
 
Figure 2.7 Energy diagram for inverse photoemission. 
 
Sweeping the voltage V0 and recording the resulting photons give rise to an image of 
the density of unoccupied states above Fermi level, as it is presented on the right-hand side 
of figure 2.6 and 2.7. In order to determine the position of the Fermi level, a reference 
measurement is required, since this level is within the transport gap of the semiconductor 
sample. The reference measurement is performed on a metal. A clear shoulder in the photon 
intensity is expected in the IPES spectra of metals for the Fermi level. If the starting voltage 
is set to VF  for the Fermi energy in the above formula, then the following expression is 
obtained: 
              νF Cath B3eV = h -φ - K T2 ,                                (2.18) 
and the energy of the electrons in the final states becomes:  
      f 0 FE = eV - eV  .             (2.19) 
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Based on relation (2.19) the densities of final states are determined either by keeping the 
energy of photons constant and sweeping the electron energy – the isochromat mode, or by 
keeping the incident electron energy constant and measuring the photon spectrum – the 
constant initial state mode. The experiments presented in this work were performed in the 
isochromat mode. 
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Chapter 3 
3 Experimental Details 
 
 
3.1 UHV systems 
 
All experiments in this study were performed either in an ultrahigh vacuum (UHV) 
chamber in Chemnitz or other UHV chambers at the Berlin electron synchrotron (BESSY). A 
diagram of the UHV system in Chemnitz is shown in figure 3.1. The system consists of four 
separate parts, i.e. the analysis chamber, the sample preparation chamber, the plasma 
chamber, and the sample reservoir chamber. The analysis chamber is equipped with an 
angle resolved electron analyzer (VG ARUPS10), a He discharge lamp, and an X-ray source 
with Al and Mg dual anodes for photoemission studies, and low electron energy diffraction 
(LEED). The overall resolution of the spectrometer determined using a polycrystalline 
Ag(111) film grown on hydrogen-passivated Si(111) surface is 0.15 eV for the HeI line.  
 
 
Figure 3.1 Diagram of UHV system in Chemnitz. 
 
The base pressure of the analysis chamber is better than 2×10-10 mbar. Organic 
molecular beam deposition as well as metal evaporation are performed from Knudsen cells 
in the preparation chamber the base pressure of which is better than 1×10-10 mbar. Samples 
can be introduced into the chamber using a fast load-lock into the plasma chamber and 
between each chamber samples can be transferred without breaking the vacuum through the 
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sample reservoir chamber in the middle of the UHV system. Up to seven samples can be 
stored in the sample reservoir chamber at once. 
For the experiments performed at BESSY, two different UHV systems were used, the 
RGBL chamber and MUSTANG chamber. All SXPS, UPS and NEXAFS were measured at 
the Russian-German Beam Line using a plane-grating monochromator at BESSY. The 
RGBL-UHV chamber consists of three parts, the main chamber with an electron energy 
analyzer and partial yield detector, a sample preparation chamber, and a fast entry load-lock. 
The electron energy analyzer in the main chamber is a CLAM 4 hemispherical analyzer the 
overall resolution of which is 0.1 eV at a photon energy of 100 eV. The base pressure of the 
chamber was 2⋅10-10 mbar. The NEXAFS measurements were performed using the Partial 
Yield Detector but recorded in total yield mode and the light incidence angle was varied 
between normal and near-grazing incidence (0o and 70o). For normalization, spectra of GaAs 
substrates were taken and used as reference spectra.  
The second UHV system used at BESSY is the MUSTANG experimental station. The 
diagram of the MUSTANG UHV system at BESSY is shown in figure 3.2. 
It is a two chamber system with a preparation and an analysis chamber to perform 
photoemission spectroscopy and NEXAFS measurements. The station is equipped with a 
SPECS Phoibos 150 analyser. The detector has a mean radius of 150 mm and nine single 
 
Figure 3.2 The diagram of the MUSTANG experimental station at BESSY 
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channel electron multipliers and is arranged at 45° with respect to the incident beam. The 
preparation chamber is equipped with a LEED system, a differentially pumped ion source, 
two electron beam evaporators, a quartz microbalance, a quadrupol mass spectrometer and 
a gas inlet system. Inside the load lock chamber we have a sample magazine for the storage 
of up to six samples under HV conditions and also inside the preparation chamber it is 
possible to keep up to four samples under UHV conditions. 
Table 3.1 presents a list of measurements, the base pressure, and kind of samples 
prepared at BESSY. All the other results presented in this work were obtained in Chemnitz. 
 
UHV 
system Experiment Samples 
Energy Dependence Valence band 
(35÷100 eV) 
RGBL 
C K-edge Angular Dependent NEXAFS
DiMe-PTCDI/S-GaAs(001) 
UPS (35÷100 eV) 
S-XPS (330÷600 eV) 
NEXAFS (C, N, O K-edge) 
Mg/PTCDA/S-GaAs(001) 
Mg/DiMe-PTCDI/S-
GaAs(001) 
Mg/PTCDI/S-GaAs(001) 
C K-edge Angular dependent NEXAFS 
PTCDA/S-GaAs(001) 
PTCDI/S-GaAs(001) 
UPS (35÷100 eV) 
S-XPS (330÷600 eV) 
MUSTANG 
NEXAFS (C, N, O K-edge) 
 
In/PTCDA/S-GaAs(001) 
In/DiMe-PTCDI/S-GaAs(001)
In/PTCDI/S-GaAs(001) 
 
Table 3.1 List of experiments performed at the synchrotron radiation source BESSY. 
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3.2 Surface treatment of GaAs (001) 
 
For the preparation of sulphur passivated GaAs(100)-(2×1), Te-doped n-type epi-
ready GaAs(100) (Freiberger Compound GmbH, n=21017 cm-3) served as substrate. The 
sample was first degreased in an ultrasonic bath with acetone, ethanol, and DI-water in 
sequence for 5 min each and dried in a nitrogen flow. The S-GaAs(100) surface was 
obtained by dipping into a solution of S2Cl2:CCl4=1:3, followed by rinsing using first CCl4 and 
then again acetone, ethanol, and DI-water. After the treatment, the sample was quickly 
introduced into the UHV chamber and annealed at 620 K, resulting in a (2×1) surface 
reconstruction. 
3.3 Organic molecular beam deposition 
 
The perylene derivatives, PTCDA, DiMe-PTCDI and PTCDI were purchased from 
Sensient Imaging Technologies GmbH (former SynTecGmbH), further being purified twice by 
sublimation at 575 K under high vacuum (~10-6 mbar). Each material was then filled into a 
quartz crucible that was mounted in an organic Knudsen cell. Before the evaporation of the 
organic material, the Knudsen cell was thoroughly degassed for a few hours at 200oC. 
Organic thin films were prepared using organic molecular beam deposition (OMBD) from 
Knudsen cells operated at 280oC for the three organic materials. During OMBD, the 
Degreasing
(Acetone,
Ethanol,
DI-Water)
Wet chemical
Sulphur treatment
(S2Cl2:CCl4=1:3)
Rinsing
(CCl4,Acetone,
Ethanol,
DI-Water)
Annealing at 430°C, 30 min
(2×1) LEED Pattern
Epi-ready GaAs(100)
in UHV
p≤ 2×10-10 mbar
Organic Molecular Beam 
Deposition:
PTCDA, DiMe-PTCDI, PTCDI
Rate: 0.2 ÷0.3 nm/min
Thickness: 15 nm
Metal (In, Mg) deposition:
Rate: 1.6 ÷ 3 nm/min
Thickness: 0.2 nm ÷ 33 nm
S-GaAs (100): 2×1
 
Figure 3.3 Schematic diagram of the procedure for the preparation of sulphur passivated GaAs 
(001) surfaces. The procedures performed in the UHV chamber are presented as coloured boxes. 
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GaAs(100) substrates were kept at room temperature. The organic films were deposited at a 
rate of 0.2 nm/min to obtain a total thickness of 15 nm as monitored by a quartz 
microbalance located in the vicinity of the sample. Since the calculation of an organic layer 
thickness using the resonance frequency change from the quartz-crystal and the material 
density is not fully reliable, a calibration of the microbalance was performed using AFM 
images for additionally grown PTCDA, DiMe-PTCDI and PTCDI films at a fixed rate of the 
resonance frequency change.  
The atomic force microscope (AFM) images of the three molecules are shown in 
figure 3.4. Figure 3.4 (a) and (b) show a topographic AFM images (1μm×1μm) of 30 nm and 
25 nm thick films of PTCDA and PTCDI, respectively. A granular structure, which indicates 
the formation of a polycrystalline film, is present in both films. Obviously they differ in the 
crystallites size. PTCDI forms much smaller crystals than PTCDA. For the case of DiMe-
PTCDI films on S-passivated GaAs (100), the deposition at room temperature leads to the 
formation of needle-like organic crystals, preferentially oriented with their long axis along the 
[011] substrate direction. In figure 3.4 (c) a topographic AFM picture (1μm×1μm) 
corresponding to a nominal coverage of 20nm is shown. The crystals in the image are 
aligned along the [011] direction. Their morphology supports the strong optical in plane 
anisotropy of DiMe-PTCDI films derived from ellipsometry [Fri03]. The thickness determined 
by the AFM image delivers the relation between the thickness of the organic film and the 
frequency change of the microbalance.  
200nm
   
   
  (a) PTCDA (30nm) (b) PTCDI (25nm) (c) DiMe-PTCDI (20nm) 
Figure 3.4 AFM images of (a) 30 nm PTCDA film (b) 25 nm PTCDI film and (c) 20nm DiMe-PTCDI 
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film deposited on S-GaAs (100) surfaces. 
3.4 Metal evaporation 
 
Mg and In were evaporated from Knudsen cells. Prior to use, all evaporation sources 
were thoroughly degassed. The amount of metal deposited onto the sample was monitored 
using a thickness/rate monitoring instrument from Sycon. The densities and some other 
important properties of atoms comprising materials used in this study (metals and 
semiconductors) are summarized in table 3.2. 
Atom Electron configuration 
Atomic radius
/ nm 
Electron 
negativity
Subshell 
Photoionization 
cross-section 
(mbarn/atom) 
 
C 
N 
O 
 
|He|2s2p2 
|Ne|2s2p3 
|He|2s2p4 
 
0.091 
0.078 
0.065 
 
2.55 
2.7 
3.44 
 
1 at 335 eV 
0.8 at 450 eV 
0.7 at 585 eV 
Mg 
In 
 
|Ne|3s2 
|Kr|4d105s2p1 
 
0.172 
0.200 
 
1.31 
1.78 
 
 
 
Table 3.2 Summary of important properties of atoms composing metals as well as organic and 
inorganic semiconductors used in this study. 
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4. Electronic Properties of Perylene Derivatives 
 
 
4.1 Electronic Structure of Organic Semiconductors 
 
The organic semiconductors are polyatomic molecules that consist largely of carbon, 
oxygen, nitrogen and hydrogen atoms. The interactions between the atomic orbitals (AO’s) of 
the bonding atoms of the molecule will exhibit two types of bond symmetry: localised σ bonds 
and delocalised π bonds. Generally speaking, single bonds exhibit σ symmetry while double 
bonds exhibit one set of σ symmetry and one set of π symmetry. The C-C interactions, for 
example, will exhibit two types of bond symmetry: localised σ bonds and delocalised π 
bonds. With four valence electrons – two in the s state, one in the px and one in the py, in the 
ground state – carbon interactions will minimize the bond energies via bond hybridization, by 
promoting one electron from the s state to the pz state. This particular overlap of the four 
atomic orbitals will result in four sp3 hybridized bonds. A sp2 hybridized bond, on the other 
hand, will result from one electron occupying the s state, one electron occupying the px state, 
one electron promoted from the s state to the py state and one electron in the delocalized π 
orbital of the pz state. 
One common example of a polyatomic molecule that forms a sp2 hybridized bond is 
benzene. This molecule also forms the basis of many aromatic organic systems. As seen in 
figure 4.1 (a), it is a planar molecule consisting of six sp2 hybridized carbons that form a 
perfect hexagonal ring. The orbitals in the plane of the ring form localized σ-orbitals that bind 
the C atoms together and link the H atoms to the C atoms. Each carbon contributes with a pz 
atomic orbital containing one electron as well. These orbitals are perpendicular to the ring, 
but parallel to each other. They are shown in the figure 4.1 (b). 
 
 
 
 
 
 
 
 
 
 
                                  (a)                                      (b)                                (c) 
Figure 4.1 (a) The localized σ-orbitals (b) the pz atomic orbital (c) the delocalized π-orbitals with 
highest densities above and below the plane of the ring. 
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Each pz orbital interacts ("overlaps") with two neighbours to produce delocalized π-orbitals 
with highest densities above and below the plane of the ring (see figure 4.1 (c)). According to 
the LCAO model the 18 carbon sp2 atomic orbitals and the 6 hydrogen s atomic orbitals will 
interact to form 12 σ and 12 σ* molecular orbitals. The six electrons that are involved in the 
pz – orbitals will interact to form 3 π and 3 π* molecular orbitals. Therefore, the filled electronic 
states, are comprised of 12 σ and 3 π states, while the empty states are comprised of 3 π* 
and 12 σ* states.  
Highly delocalized electrons are present in large molecules as well. In most cases, 
the highest π states give rise to highest occupied molecular orbital (HOMO) while the lowest 
π* states are known as lowest unoccupied molecular orbital (LUMO).  
 
4.1.1 Organic molecular solids - Energy levels 
 
The molecule is the structural unit of organic solids. The molecular solids are 
characterized by strong covalent intramolecular bonds but weak van der Waals (vdW) 
intermolecular bonds. The overlap between the wave functions centred on neighboring 
molecules is small leading to a weak intermolecular electronic coupling. Therefore, the 
electronic and optical properties of organic molecular films, in a first approximation, derive 
from those of the individual molecules. Electrons and holes are considerably more localized 
in organic molecular solids than in covalently bound inorganic solids. Energy bands are very 
narrow and conduction occurs via tunneling and hopping between molecular sites explaining 
the modest mobilities. Consequently, a simple addition or removal of a charged particle will 
induce electronic polarizations effects. These effects, which usually are not considered in 
inorganic semiconductors, play an important role in the electronic properties (energy levels) 
of organic solids. The transport gap, Et, which is the energy necessary to create a separated 
electron-hole pair, has a substantial polarization energy contribution (1-2 eV) [Hil00] and 
exceeds the optical gap, Eopt, by ~ 1eV.  
 Figure 4.2 (a) shows the energy diagram of a covalently bonded inorganic 
semiconductor with a large band width. In inorganic semiconductors the electrons and holes 
are delocalized. Consequently, they show only small polarization effects in the range of a few 
meV thus Et equals in a good approximation the optical gap, Eopt. For organic 
semiconductors, the molecular polarization and charge localization changes the situation. In 
figure 4.2 (b) the HOMO and the LUMO levels outline the frontier orbitals which define the 
band gap of the organic semiconductor. Due to delocalization of charges, the band width of 
the valence band and conduction band in inorganic semiconductors (dotted lines) is on the 
order of several eV. In organic semiconductors, on the other hand, localization and small 
overlap between wave functions lead to bandwidths of the HOMO and LUMO levels up to 
typically 200 meV.  
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    (a)                   (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                (c)                           (d) 
Figure 4.2 (a) Energy diagram of a covalently bonded inorganic and organic semiconductor with the 
same band gap. (b) Energy versus k-vector of an arbitrary organic molecular film. The dotted plot 
represents the energy versus k-vector of a typical inorganic semiconductor. (c) Highest occupied 
(HOMO) and lowest unoccupied molecular orbital (LUMO) of a gas phase molecule with the energy 
gap, E0. (d) Energy levels of a charged molecule in a crystal including the polarizations P− and 
respectively P+. 
Figure 4.2 (c) shows the highest occupied (HOMO) and lowest unoccupied molecular 
orbital (LUMO) of a gas-phase molecule, separated by the energy gap E0. As can be seen, 
E0 is defined as the difference between the ionisation energy (IE) and electron affinity (EA) of 
a molecule in the gas phase. The value of the ionisation energy in a solid (condensed) phase 
is different from that of an isolated molecule due to multielectronic effects. When a charge 
carrier is brought into the molecular solid, its field polarizes the surrounding molecules. A 
secondary polarization field created by polarized molecules contributes to the total self-
consistent polarization clouds that surround each charged particle. Formation of these 
polarization clouds is associated with the stabilization energy P+ for cations and P- for anions 
and illustrated at the top right of figure 4.2. The relation between the transport gap Et and P= 
P+ + P- is given by: 
 t 0 + -E  = E  - (P  + P )  (3.1) 
Since Coulomb interactions are long-ranged, polarization clouds can extend over many 
lattice constants and P, and hence Et, is significantly different at a free surface, near a metal-
organic interface, in thin organic layers and in the bulk [Tsi01, Tsi02]. 
The optical gap, Eopt, corresponds to the formation of a Frenkel or charge transfer 
exciton, with the electron on the same or adjacent molecules, respectively. With the exciton 
localized on the same molecule, Coulomb interactions give rise to an apparent decrease of 
the gap. Generally one can estimate: 
 t opt exE = E +E  (3.2) 
κ
E
Egap EF 
HOMO
LUMO
E0
π
a
π−
a
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where Et is the transport gap, Eopt is the optical gap and Eex is the exciton binding energy. 
Thus Et can not be derived from optical measurements, unlike for inorganic semiconductors. 
However, knowledge of the transport gap is essential for constructing reliable energy 
diagrams for carrier injection and transport. Combination of direct and inverse photoemission 
spectroscopies (PES, IPES) [Wea92, Wu97] represents one of the methods that can 
determine the transport gap in molecular films. 
 A description of the energy levels relevant in constructing the energy diagrams is 
needed. The vacuum level shown in figure 4.2 (c) is defined as the energy level at which 
electrons can escape from the solid into vacuum. The ionisation potential is the energy 
necessary to bring the electrons from the uppermost occupied states, i.e. HOMO or valence 
band maximum (VBM), to just outside the surface with zero kinetic energy, and is given by: 
 VAC HOMO(VBM)I E E= −  (3.3) 
while the electron affinity is the energy necessary to bring the electrons from the lowest 
unoccupied states, i.e. LUMO or conduction band minimum, just outside the surface with 
zero kinetic energy, and is given by: 
 VAC LUMO(CBM)A E E= −  (3.4) 
The work function, φ, not shown in figure 4.2, is defined as the energy required to move an 
electron from the Fermi level to the vacuum level: 
  
 VAC FE Eφ = −  (3.5) 
 Having described the important energy levels in organic semiconductors a larger 
detailed discussion involving their characterisation and experimental determination will be 
presented in the next chapters. 
 
4.1.2 Occupied and unoccupied electronic levels – Theoretical considerations 
 
 A detailed understanding of transport and optical processes that take place in 
organic–based devices can be achieved through a fundamental understanding of the 
electronic structure of the individual molecules and of the molecular thin films. A comparison 
between the occupied and unoccupied electronic levels measured via PES/IPES and those 
derived from density functional theory (DFT) [Cur98] represent one good approach for 
providing fruitful information about electronic structure. 
 In this work the density of states (DOS) are simulated using molecular orbital 
calculations. These calculations were performed using the Gaussian’98 package [Gau98] 
with the B3LYP method and 6-31++G(d,p) basis set to describe the core orbitals and the 
inner and outer part of the valence orbitals. Geometric structures of the molecules involved in 
this work were determined by performing optimization with the standard gradient technique in 
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the same Gaussian ’98 package. Moreover, the densities of states (DOS) were projected 
onto constituent atoms and atomic orbitals in order to deduce how the individual atoms 
contribute to the total electronic structure or total density of states (TDOS) in this case.  
 
TDOS and PDOS formalism 
 
The TDOS is formulated as: 
( )( ) p
p
N E N E= ∑
                                                     (3.6)
 
where ( )pN E  is the partial density of states (PDOS) in atom p  and is given by: 
 ( ) ( ),p p
p
N E N Eμ
μ∈
= ∑
                                                 (3.7)
 
and ( ),pN Eμ is : 
 ( ) ( )
,, p
i
p
i
N E N Eμμ = ∑
                                               (3.8)
 
where ( )
,p
iN Eμ  is the contribution of the i-th molecular orbital from the μ-th atomic orbital of 
the p-th atom. Its value is proportional to the Mülliken population of the μ-th orbital. Analyzing 
the contribution of the electronic states from the individual atoms to a particular molecular 
orbital is a suitable method to obtain the localization of the states and chemical properties of 
the atoms. For instance, the atoms in which the highest molecular orbital (HOMO) resides 
would provide information on the sites of chemical reaction and possible excitation in the 
molecule. In this work, the TDOOS and PDOOS were calculated, based on the output 
coefficient matrix of the wave functions from Gaussian’98 package, using the AOMix [Gor04] 
program. 
 
Simulation of occupied and unoccupied electronic levels 
 The calculated binding energies of each molecular orbital (MO) state for a single 
molecule are convoluted using Gaussian functions with the full width at half maximum 
(FWHM) adapted to the experimental linewidths. No photoionization cross section is included 
in the calculations. The calculated spectrum is then rigidly shifted in order to match the 
HOMO energy with the first experimental peak. However, a comparison between the energy 
scales is found not to be required to achieve a good match between the experimental and 
theoretical lineshapes [Cor99, Hil00]. Although the origin of this difference is not easily 
understood, it is consistent with the fact that the methods i.e. HF, B3LYP etc. of the 
Gaussian’98 package systematically overestimates the band gap of materials and with it the 
energy positions. On the basis of B3LYP method results, the LCAO (linear combinations of 
Chapter 4. Electronic Properties of Perylene Derivatives - 34 - 
 
atomic orbitals) patterns of occupied and unoccupied levels of the molecules involved in this 
work have been plotted and discussed in the next sections.  
 
4.1.3 Occupied and unoccupied electronic levels – Experimental aspects 
 
When assigning the energy levels of charge carriers, relaxation, polarization, 
electronic and vibrational effects have to be considered. In addition, a comparison of 
calculated levels with those measured for thin film samples is more complicated since the 
molecular levels are broadened by solid-state effects, random disorder in the films and 
instrumental broadening. Therefore, the determination of energy level positions requires 
consideration of several points. The first point addresses how we evaluate their position on 
the energy scale. For this purpose we first discuss the origin of the widths of the HOMO and 
LUMO features in molecular solids. Furthermore, the ionization energy of these levels is 
defined and similarities with the case of inorganic semiconductors are evidenced. 
 The first study on the origin of the linewidth in photoelectron spectroscopy of a 
condensed organic molecular solid was reported by W. Salaneck [Sal80]. In this paper a 
study of the dependence on the temperature of the full width at half maximum (FWHM) of the 
first ionization energy of izopropilbenzene-C6H5CH(CH3)2 permitted to identify the 
contributions to the widths of valence-electron photoemission lines. Over the range 
15K≤T≤150K the linewidths exhibit two contributions which are temperature dependent 
respectively temperature independent. The temperature dependent contribution is caused by 
the interaction of the photo-induced holes (molecular cations) with low energy vibrational 
modes. Its individual contribution accounts for a total FWHM with about 6.8⋅10-2 eV/(K)1/2. 
Finally, the major contribution is attributed to the temperature independent one obtained by 
extrapolating to T=0. This yielded a value for the FWHM of about 0.4 eV but rather 
dependent on the deposition conditions. Slow evaporation yielded values of ≈0.4eV while 
fast evaporation yielded values of ≈0.6 eV. This latter value corresponds to a greater degree 
of molecular disorder in the film. This temperature independent component is attributed to 
the spatial variations in the electronic contributions to the intermolecular relaxation energies 
in the vicinity of the surface. There are two sources that contribute. The first one is the depth-
dependent effect, where surface molecules experience a lower value of the intermolecular 
relaxation energy (induced polarization) because of the smaller number of nearest neighbour 
molecules. A study involving anthracene molecules [Sal78] (see figure 4.3) yielded an 
intermolecular relaxation energy of 1.2 eV for surface molecules and 1.5 eV for molecules in 
the bulk. Moreover, the evaluation of available gas phase and condensed phase PES data 
on PTCDA [And98], Alq3 [Sla00, Hil00] and CuPc [Ber79] leads to identical values equal to 
(1.15 ± 0.3) eV for all three materials. 
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Thus, a contribution of the order of 
0.3 eV is expected and can be 
subtracted appropriately from the 
temperature independent FWHM. 
The remaining 0.1 eV to 0.3 eV for 
FWHM is assigned to the second 
effect. This effect is due to local site-
to-site variations in the ion state 
energies due to non-equivalent local 
environments in the poly crystalline 
film. Similar widths were observed in 
a variety of other contexts, including 
condensed thin films of N2 and CO 
molecules [Nor78] and the 
submonolayer absorption of these 
molecules on metal surfaces [Nor78-
2]. 
Now, it was observed that the 
major contributions in the UPS 
linewidth can be attributed to the 
temperature dependent contribution. 
These contributions are caused by the interaction of the photo-induced holes with low energy 
vibrational modes. The temperature independent contributions are attributed to the variation 
in the relaxation energies in the vicinity of the molecular solid. Consequently the HOMO and 
LUMO require special attention when evaluating their positions on the energy scale. In that 
respect it is useful to briefly reconsider the inorganic semiconductor case and refer for the 
moment just to the valence states. Nowadays accurate determination of valence band 
maxima (VBM) for inorganic semiconductors is essential for evaluating band offsets at 
heterojunctions. Due to the dispersion of the uppermost valence band, VBM has to be 
determined at the correct point in k-space. This can be conducted by selecting suitable 
excitation energies and by employing a linear extrapolation of the VB edge [Gle03]. This 
approach is experimentally justified by the excellent results obtained when using VB-PES 
and IPES to derive band edges for band gap determination [Gle01]. The arguments which 
suggest that the linear extrapolation is the best approximation are: first, a limited angular 
resolution leads to a non-symmetric broadening towards higher binding energies due to the 
downward dispersion from the VBM in all k-directions. Secondly, inelastic scattering 
processes (such as phonon excitation) will also lead to a broadening which is more 
Δ = 0.3 eV
Figure 4.3 Figure after W. Salaneck [Sal78]. The high 
resolution HeI UPS angular dependent data on Ip(1) of 
anthracene in the gas phase [Bos72] and as a film on a 
gold substrate. For clarity the θ=20° data were normalized 
to the peak intensity of the θ=80° data at about 6.3 eV 
binding energy. The dashed line for θ=80° is expected to 
correspond to only the top molecular layer (about 3.5 Å). 
Ip(1) from [Bos72] is shown for determination of the top 
layer relaxation energy Δr(1)=(1.2 ± 0.1) eV and of the 
subsequent layers, Δr(2)=(1.5 ± 0.1) eV. 
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pronounced towards higher binding energies, because at room temperature an energy loss is 
more probable than an energy gain by such scattering processes. Thirdly, due to the fact that 
photoemission probes the final state of the system with the presence of a core hole, 
screening processes play an important role. Incomplete screening on the timescale of the 
photoemission process leads to a spectral shift towards higher binding energies. Hence, if 
the screening is spatially and/or temporally inhomogeneous, it is the spectral weight with 
lowest binding energy which most closely approximates the ground state. In summary, the 
discussed processes all lead to non-symmetric broadening towards higher binding energies, 
and in all three cases the spectral weight with lowest binding energy corresponds to the best 
approximation of the ground state properties.  
In organic semiconductors the above discussed processes are also present. 
Moreover, due to charge localization the electron-phonon interaction is in particularly 
effective in organic solids having both strongly coupled intramolecular phonons and many 
low energy intermolecular modes. Spatial variations in the electronic contributions to the 
intermolecular relaxation energies in the vicinity of the surface and local site-to-site variations 
in ion state energies due to the non-equivalent local environments in the polycrystalline films 
can contribute to broadening as well. As mentioned in the introduction, the VB-PES spectrum 
will show the HOMO shifted by the polarization energy (P+) induced by the presence of a 
molecular cation. Similarly the IPES spectrum shows the LUMO shifted by the polarization P- 
induced by the presence of the molecular anion. Therefore, when analyzing the VB-PES and 
IPES features, the positions corresponding to VBM and CBM, respectively, are better 
represented by the edges of these peaks after a proper deconvolution with the instrumental 
broadening. 
 
4.1.4 Determination of electronic structure from valence band spectra 
 
 The information related with the energy level alignment at an organic/inorganic 
semiconductor or metal/organic heterojunction is accessible using PES.  
For simplicity the energy level alignment at the organic/inorganic semiconductor 
interface will be discussed. Figure 4.4 shows an example of the procedure for the 
determination of the energy level alignment at an interface formed upon deposition of 
PTCDA on the S-GaAs(100) surface. EHOMO corresponds to the edge of the HOMO peak 
towards lower binding energy similar to EVBM. VL is determined from the low kinetic energy 
edge of the secondary electron peak, EVAC. The ionization energy (IE) is measured by 
subtracting the total width of the spectra, measured from the low kinetic energy onset to 
EHOMO or EVBM, from the photon energy.  
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Figure 4.4 Example for the shift of the low energy secondary electron cut-off (left) with a bias of -
15V; right: valence band offset between the HOMO of a thick PTCDA film and the VBM of 
passivated GaAs surface. 
 
Therefore, the information on the electronic surface and interface properties that can be 
derived from photoelectron spectroscopic measurements is: 
{ Valence band offset. The valence band offset is defined as the difference between 
the valence band maximum of the inorganic semiconductor and the highest occupied 
molecular orbital (HOMO) of the organic film at the interface. In the absence of band 
bending the valence band offset can be determined directly from spectra of the clean 
substrate and several monolayers of the organic film (figure 4.4 right). 
{ The dipole between the two materials at their interface. 
{ The work function of organic and inorganic semiconductors, which can be deduced 
from changes in the secondary electron cut-off position (figure 4.4 left). 
 
4.2 Molecular semiconductors: electronic properties 
 
The molecules involved in this work are 3,4,9,10-perylene tetracarboxylic dianhydride 
(PTCDA), 3,4,9,10-perylenetetracarboxylic-diimide: (PTCDI) and N-N’-dimethyl-3,4,9,10-
perylenetetracarboxylic diimide (DiMe-PTCDI) molecules which belong to the class of 
perylene-derivatives. 
  (Vacuum Level shift) 
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 Perylene derivatives are organic semiconductors based on π- conjugated systems. 
When used as active elements in organic electronics the performance of devices depends on 
the efficiency of the charge transport. The charge transport properties are strongly depending 
on the molecular packing. Specific arrangements can lead to an increase of electron 
mobilities. Perylene derivatives possess a particular crystal structure in the sense that the 
molecules pack as displaced dimers that arrange themselves in a herringbone fashion. 
Moreover, when the molecules are chemically tailored or modified major variations in solid 
state packing and electronic properties were observed. These modifications were discussed 
earlier by Klebe et al.[Kle89] and are referred to as the crystalochromic effect. The possibility 
of changing the solid state packing by changing the individual molecules implies that the 
perylene derivatives can be used to tune the transport properties. At the same time electronic 
properties can be considerably affected and the aim in this chapter is to understand the 
impact of the chemical modification (derivatization) on the electronic properties. As a first 
step, we compared the calculated occupied and unoccupied densities of states with the 
experimentally measured ones. Second, we evaluate the effect of the functional groups 
(electron-withdrawing groups) on the HOMO and LUMO positions by employing 
complementary techniques such as UPS and IPES. 
Before going into details let’s understand the impact of derivatization, i.e. adding an 
electron-withdrawing group to the perylene core, by comparing the HOMO and LUMO of 
perylene with HOMO’s and LUMO’s of the derivatives employed in this study. We note that 
the molecular orbitals were calculated on the basis of a geometry optimized by DFT/B3LYP 
with a 6-311++ G(d,p) basis set [Gau98]. 
                     
Figure 4.5 The highest occupied and lowest unoccupied molecular orbitals of perylene and PTCDI, 
DiMe-PTCDI and PTCDA calculated using B3LYP/ 6-31++G(d,p) method. 
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Figure 4.5 shows that the effect of the withdrawing groups is to stabilize the occupied 
and unoccupied energy levels. The ionization energy evolves from perylene over PTCDI and 
DiMe-PTCDI towards PTCDA by 1.6 eV while the electron affinity evolves in the same way 
by 2.2 eV. Since the withdrawing groups influence more strongly the LUMO level, the 
stabilizations of the HOMO and LUMO are not equal. This leads to a reduction of HOMO-
LUMO gap. We note that lowering of the LUMO level is expected to favour the electron 
injection. 
 
4.2.1 PTCDA 
              
          
                   
Figure 4.6 Structural formula of PTCDA and three views of its crystalline structure. 
 
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) is one of the most intensively 
studied organic molecular semiconductors. It has been used as a tool for studying the 
structural ordering during growth. This is because PTCDA is thermally stable, and very pure, 
well ordered thin films can easily be fabricated by organic molecular beam deposition 
(OMBD) on various inorganic substrates. 
The structural formula of PTCDA and its crystalline structure are shown in figure 4.6. 
A PTCDA molecule consists of 24 carbon atoms, 8 hydrogen atoms and 6 oxygen atoms. 
The crystalline structure of PTCDA films is monoclinic with two molecules in a unit cell. Two 
polymorphs of PTCDA crystals are reported for PTCDA films grown at room temperature. 
The α modification crystallizes in the space group P21/c with lattice constants a=0.372, 
b=1.196, c=1.734 nm and β=98.8o. The β modification is found to crystallize in the same 
space group, but with different lattice parameters: a=0.378, b=1.930, c=1.077 nm and 
[102
(010
d=3.21Å 
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β=83.6o [Oga99]. In both modification the planar molecules lie almost flat in the (102) lattice 
planes with only slight inclinations, i.e. 11o tilt angle of the molecular stacks with respect to 
the normal to the molecular plane. The two molecules in each unit cell are arranged in a 
herringbone packing in each (102) lattice plane and both crystals are composed of stacks of 
such sheets, with a distance of 3.2 Å between adjacent molecules. 
One of the most important properties to understand the transport behaviour in organic 
based devices is the HOMO-LUMO gap. As mentioned in section 4.1, the optical and 
transport HOMO-LUMO gap are different in organic solids due to localization of charge 
carriers in the molecule and the high polarization energy. For organic solids, the optical 
HOMO-LUMO gap is obtained using optical absorption spectra. In analogy to inorganic 
semiconductors the optical HOMO-LUMO gap of PTCDA is the first absorption band and 
corresponds to 2.22 eV [Sal03]. The difference between optical and transport HOMO-LUMO 
gap of PTCDA films can be estimated using PES and IPES. But first we will discuss the 
results obtained by UPS and IPES on PTCDA films in comparison with calculated ones, 
separately. 
A great deal of insight into the electronic structure of solids is obtained from 
comparing measured and calculated densities of states. Analyzing the contribution of the 
electronic states from the individual atoms to a particular molecule one can also obtain the 
localization of the states and chemical properties of the atoms. The PTCDA molecule is 
basically composed of a perylene core being in the center and two anhydride groups 
connected to each side of the perylene core. Due to its planar molecular structure, the 
PTCDA molecule belongs to the D2h point group. The density functional tight binding 
calculation of the single as well as the charged PTCDA molecule by Scholz et al.[Sch00] 
shows that a transition between HOMO and LUMO orbitals as well as subtraction or addition 
of an electron from or to a PTCDA molecule does not destroy the rectangular symmetry. 
These calculations and results employing the AOMix software were used for the subsequent 
study of electronic properties of the molecule. Due to its symmetry the electronic properties 
will mainly be concentrated on one quarter of the atoms involved. The calculations are 
intended to give an insight to what roles the atoms play in the PTCDA molecule.  
The PDOOS spectra presented in figure 4.7 for the marked atoms (see top left figure) 
can provide a wide range of information. They were obtained by broadening the energy 
positions using a Gaussian function having a full width at half maximum (FWHM) of 0.5 eV. 
The TDOOS is the sum of all contributions of the labelled atoms. By examining the PDOOS 
of atoms contributing to TDOOS, it can be shown that the highest occupied molecular orbital 
(HOMO) is mainly located over the perylene core and at the carboxylic atoms. It has π 
character (see figure top right) and is well separated from the rest of the occupied molecular 
orbitals. The advantage in the present technique for such purposes is that the identification of 
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any other molecular orbital is straightforward. For example the next four bands are related to 
contributions with π character from the perylene core and to the molecular orbitals derived 
from oxygen 2px and 2py atomic orbitals. Moreover, the feature at 6 eV (HOMO-11) is easily 
assigned to some contribution of 2pz atomic orbitals from the perylene core and of 2pz atomic 
orbitals of the anhydride oxygen. Any change in the electronic structure of the anhydride 
oxygen, as we shall see in the next chapters, can therefore be associated with changes in 
the HOMO-11 feature.  
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Figure 4.7 (a) PDOOS and TDOOS of PTCDA calculated by Gaussian broadening of the individual 
contributions with a FWHM of 0.5 eV (b) Valence band spectra of a PTCDA thin film and of calculated 
TDOOS. The MO energies are shown by vertical bars. The HOMO and HOMO-11 are π-derived 
states. Above: -left geometry of PTCDA and the marked atoms contributing to TDOOS; -right -charge 
density contours of the HOMO and HOMO-11.  
The calculated TDOOS of PTCDA as indicated in figure 4.7 (b) is similar to the 
experimentally measured one using an excitation energy of 45 eV. This excitation energy 
was chosen based on photoionization cross-section considerations. The vertical bars in this 
figure represent the calculated binding energies of each molecular orbital (MO) state for a 
single molecule. In order to compare the simulated DOOS and the measured valence band 
spectrum the energy scale of the calculated spectrum was shifted by 0.65 eV towards higher 
binding energies. Even though, there is a common drawback for all the approaches based on 
the Hartree-Fock theory in predicting the energy gap, the trends in calculated values were 
nevertheless found satisfactory in understanding some interesting physical phenomena.  
HOMO HOMO-11 
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 Even if, UPS measurements can provide similar valence band information, as 
reflected in figure 4.7 (b) the projection of the individual atoms explicitly reveals the 
contribution of each atom to the TDOOS which is not possible from UPS results. On the 
other hand, information regarding the reactive points can also be obtained from figure 4.7. 
The atoms associated with HOMO are likely to give up electrons when excited. 
The IPES spectra showing the unoccupied molecular states of PTCDA are presented 
the figure 4.8 (a). Like in UPS measurements, the energy scale is given with respect to the 
Fermi level determined for an Ar+ sputtered Ni sample. Due to the rather poor instrumental 
resolution of the IPES spectra a special treatment was required. It consists of a 
deconvolution of the spectra using a Gaussian function with a full width at half maximum 
(FWHM) of 0.4 eV. Contributions of the individual peaks to the overall intensities of the 
measured IPES data is plotted with thin lines while the deconvoluted contributions are plotted 
with dashed lines. The experimentally measured results and the deconvoluted ones are 
presented together in figure 4.8 (b). In addition, the spectral features can be better 
understood by considering the results from the DFT calculations.  
The calculated DOUS was obtained by Gaussian broadening of each orbital energy 
with a full width at half maximum (FWHM) of 0.75 eV. In order to compare the simulated 
DOUS with the measured IPES spectrum the energy scale of the calculated spectrum was 
                                             
 
(a)                                                                        (b) 
 Figure 4.8 (a) The IPES spectra of PTCDA thin films together with convoluted and deconvoluted 
individual peaks that contribute to the overall intensity; (b) Experimental, deconvoluted and calculated 
densities of unoccupied states of PTCDA. Above: the charge density contours of the LUMO and 
LUMO+1. 
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shifted by 0.87 eV towards the Fermi level. The value of the Gaussian FWHM was taken 
equal to the FWHM of the experimentally deconvoluted LUMO state. The FWHM after 
deconvolution is larger than the FWHM of the HOMO by about ∼ 0.2 eV. This is an inherent 
property of IPES spectroscopy and is related to the lifetime of the final states [Fug92]. The 
vertical bars in this figure represent the calculated binding energies of each molecular orbital 
(MO) state for a single molecule. As shown in figure 4.8 (b), the agreement between the 
experimental and theoretical lineshapes is very good. Most of the states in the lowest 
unoccupied molecular levels, LUMO and LUMO+1, are predominantly characterized by the 
perylene core and carboxylic oxygens.  
 
4.2.2 DiMe-PTCDI 
 
N, N’-dimethyl-3,4,9,10-perylenetetracarboxylic diimide (DiMe-PTCDI) is very similar 
to PTCDA but has the bridging oxygen atom of the anhydride group replaced by the 
methylimide (N-CH3) group. The molecular structure is shown in figure 4.9. 
         
        
 
                    
Figure 4.9 Structural formula of DiMe-PTCDI and three views of its crystalline structure. 
The lineshape of the optical absorption spectrum for DiMe-PTCDI are similar to that of 
PTCDA [Sal03]. The first absorption peak and the broad feature are located at slightly lower 
energy positions than those of PTCDA, which is most probably due the derivatization with a 
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less polar group. The optical HOMO-LUMO gap can again be estimated from the first 
absorption peak to be 2.16 eV.  
The PDOOS of DiMe-PTCDI are presented in figure 4.10 for the marked atoms (see 
top left figure).  
 
(a) 
 
 
(b) 
 Figure 4.10 (a) PDOOS and TDOOS of DiMe-PTCDI calculated by Gaussian broadening of the 
individual contributions with a FWHM of 0.5 eV (b) Valence band spectra of a DiMe-PTCDI thin film 
at 55 eV and of calculated TDOOS. The MO energies are shown by vertical bars. The HOMO and 
HOMO-12 are π-derived states. Top figure: left- geometry of DiMe-PTCDI and the marked atoms 
contributing to TDOOS; right -charge density contours of the HOMO and HOMO-12. 
Like for PTCDA, they were obtained by Gaussian broadening of the atomic 
contribution with a full width at half maximum (FWHM) of 0.4 eV. The TDOOS is the sum of 
all contributions of the labelled atoms. By examining the PDOOS of atoms contributing to 
TDOOS, it can again be shown that the highest occupied molecular orbital (HOMO) is mainly 
located over the perylene core and at the carboxylic atoms sites and has π character (see 
figure top right). The HOMO and the HOMO-1 appear as separate peaks while the remaining 
ones overlap. The vertical bars in figure 4.10 (b) represent the calculated binding energies of 
each molecular orbital (MO) state for a single molecule. In order to compare the simulated 
DOS and the measured valence band spectrum the energy scale of the calculated spectrum 
was shifted by 0.73 eV towards higher binding energies.  
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The strong peak at a binding energy of about 4 eV is characteristic for DiMe-PTCDI 
and stems from both π and σ-bonds in the methylimide and carboxylic groups. HOMO-12, for 
example, is assigned to some contribution of 2pz atomic orbitals from the perylene core and 
of 2pz atomic orbitals of carboxylic oxygen and nitrogen. The methylimide groups strongly 
contribute to the molecular orbital situated at about 8 eV. For binding energies above 10 eV 
mostly molecular orbitals with σ-character contribute to the spectra. 
The IPES spectra showing the unoccupied molecular states of DiMe-PTCDI are 
presented the figure 4.11. 
                                          
(a) (b) 
 Figure 4.11 (a) The IPES spectra of DiMe-PTCDI thin films together with convoluted and 
deconvoluted individual peaks that contribute to the overall intensity. (b) Experimental, deconvoluted 
and calculated densities of unoccupied states of DiMe-PTCDI. Top: the charge density contours of 
the LUMO and LUMO+1. 
Like for PTCDA, the energy scale is given with respect to the Fermi level and the 
density of unoccupied states as deconvoluted using a Gaussian function with a FWHM of 0.4 
eV. For a good deconvolution of the spectra five individual peaks were used. The 
contributions of these individual peaks to the overall intensities of the measured IPES data 
are plotted with thin lines and the deconvoluted contributions are plotted with dashed lines. 
The experimentally measured results and the deconvoluted ones are presented together in 
figure 4.11 (b). In addition, the spectral features can be better understood by considering the 
results from the DFT calculations. The procedure for obtaining the calculated DOUS is the 
same as for PTCDA. In order to compare the simulated DOUS with the measured IPES 
spectrum the energy scale of the calculated spectrum was shifted by 0.75 eV towards the 
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Fermi level. The vertical bars in this figure represent the calculated binding energies of each 
molecular orbital (MO) state for a single molecule. The agreement is again very good. 
Figures 4.8 and 4.11 demonstrate that the LUMO levels are not affected by the substitution 
of anhydride oxygens by methylimide groups. Most of the states are predominantly 
delocalized over the perylene core and the oxygen atoms. 
 
4.2.2.1 Energy Band Dispersion in Well Ordered DiMe-PTCDI Films 
 
As mentioned at the beginning of this 
chapter, the charge transport properties are strongly 
depending on the molecular packing. A good 
molecular packing leads to a good overlap between 
the wave functions on the adjacent molecules. In 
such situations, the electronic energy levels of the 
units (molecules) with the same energy may interact 
via the outermost orbitals leading to a splitting of the 
respective energy levels. The width of the resulting 
energy band then depends on the magnitude of 
interaction. 
The self-assembling or ordering of these 
organic materials enhances this π-orbital overlap 
and is the key to improvement in carrier mobilities. 
An energy band dispersion for wave vectors varied 
along the direction perpendicular to the sample 
surface was observed for DiMe-PTCDI films and will 
be discussed next. 
Figure 4.12 shows the measured valence 
band spectra in the HOMO and HOMO-1 region and 
their dependence on energy. The HOMO feature 
reveals a weak, but clearly observable shift. We 
attribute the amount of observed peak shift of about 
0.2 eV to the intermolecular π-π interaction. While the dispersion of the HOMO position is 
obvious, it is much less pronounced for the HOMO-1 feature. This is explained by the higher 
binding energy and the predominant σ-character of the molecular orbitals contributing to 
HOMO-1.The measured energy shift was converted into a dispersion relation assuming the 
three-step model [Sek86] for the photoemission process as well as energy and momentum 
conservation before and after photoexcitation so that the following relations hold: 
f i f i Kin fE h E ,  k k G, E E= ν + = + =
GG G
                                        (4.9) 
 
 Figure 4.12 Measured valence band 
spectra of a DiMe-PTCDI thick film in the 
photon energy range of 35≤hν≤90eV 
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where i f iE ,  E , k
G
 and k f
G
 are the electron energies and the wave vectors before and after 
photoexcitation in the solid, and G
G
 is a reciprocal lattice vector. iE  and fE  are defined 
relative to the vacuum level such that fE  corresponds to the kinetic energy of the emitted 
electrons KinE . Determination of the final momentum k f
G
 requires the knowledge of the final 
state band dispersion f fE (k )
G
 which is, however, generally unknown. Therefore, it is 
commonly assumed that the final state can be approximated by a free electron-like 
dispersion applying an appropriate inner potential V0: 
∗= +=2 2f 0E k / 2m V                                                               (4.10) 
where ∗m  is the effective mass of the electron and 0V  is the constant inner potential in the 
solid for the final state free-electron like parabola. Then the following relations can be used:  
= − νi KinE E h                                                                (4.11) 
⊥ ⊥ ∗ ∗⎡ ⎤ ⎡ ⎤= = × = ×⎣ ⎦ ⎣ ⎦= =
1/ 2 1/ 2
i f f 0 Kin 0k k 2m (E - V ) / 2m (E - V ) /
            
           (4.12) 
where ik
⊥ , fk
⊥  are the normal components of the wave vector before and after the 
photoexcitation in the solid, respectively. These equations indicate that the values of iE  and 
ik
⊥  can be determined from the measured KinE  and hν . The effective mass of the excited 
electron m* is approximated by the mass of free electron m0.  
 The energy band dispersion relation for DiMe-PTCDI is obtained by applying the one-
dimensional tight-binding theory to the HOMO of the perylene core. For the formation of a 1D 
energy band it is assumed that a unit, i.e. a molecule, is repeating along an axis x with a 
period a. The interaction only takes place with the nearest neighbours its strength being 
defined by the value t, the transfer integral. By analogy to the Hückel theory [Pir74], the 
energy EB for the HOMO is expressed in terms of wave vector k⊥  as
 : 
∗
⊥ = × ν − −B 0k [2m (h E V ]                                                 (4.13) 
⊥ ⊥ ⊥= + ×0B BE (k ) E 2tcos(a k )                                                (4.14) 
Using the normal emission spectra and Eq. (4.13) and (4.14) the energy of the 
highest valence band and its momentum can be calculated. However, for the experimental 
determination of the energy band dispersion we need to determine the values of t, a⊥ and V0. 
Results of NEXAFS, that will be presented in the next chapter, together with those of Raman 
and Infrared Spectroscopy [Fri03] revealed that the DiMe-PTCDI molecules deposited onto 
S-GaAs(001) are tilted with respect to the substrate surface by an angle of (56°±4°) and are 
predominantly oriented with their long axis parallel to the [011] direction. With the distance 
between the intermolecular planes of 3.21 Å, as experimentally determined [Häd86] (see 
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figure 4.8) we can calculate the length of the repeating unit (lattice spacing normal to the 
surface) as a⊥ = 3.9 Å as depicted in the figure 4.13 (a). 
The results of the best fit for the dispersion along with the experimental data are 
shown in Figure 4.13 (b). A cosine fit of the experimental data was performed where the 
inner potential 0V  and the transfer integral t are the two parameters. The best fit between 
calculated and experimental data is provided by the following set of parameters – inner 
potential V0=-5.3 eV and transfer integral t =0.04 eV. As shown in figure 4.13 (b), we 
succeeded to observe the HOMO band dispersion for DiMe-PTCDI along the surface normal. 
The energy-band dispersion is extended over three Brillouin zones (4th, 5th and 6th zone) with 
a bandwidth of about 0.2 eV.  
 These results clearly demonstrate the existence of an energy band dispersion similar 
to that of PTCDA [Yam03]. Here the calculated lattice spacing normal to the surface gives 
rise to the best fit of the energy dispersion to the experimental data using an inner potential 
V0 of -5.3 eV and a transfer integral of 0.04 eV. The inner potential for PTCDA [Yam03] was 
found to be -5.1eV from the low energy transmission spectrum for an estimated lattice 
spacing of 3.8 Å. 
 
 
Figure 4.13 (a) DiMe-PTCDI crystal plane and the relative orientation of molecules with respect to the 
S-GaAs(001) substrate. (b) The experimental dispersion for the HOMO band (filled circles) and the 
best fit curve (broken line) in the tight-binding model. 
As previously mentioned the observed HOMO band dispersion originates from π-π 
interaction along the molecular stacking direction. The HOMO for both perylene derivatives, 
DiMe-PTCDI and PTCDA (see chapter 4), originates from a single molecular orbital with π 
character which is distributed predominantly over the perylene core. The results for the 
transfer integral and the inner potential of PTCDA are quite close to the ones of DiMe-
PTCDI. This is supporting the reliability of the results since the interacting parts are the 
perylene cores of the molecules in both cases. The minor differences may be due to the 
difference of the intermolecular vdW interaction between the stacks of the two molecular 
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films, considering that the lattice spacing is larger for DiMe-PTCDI than the one determined 
for PTCDA. 
Importantly, at the macroscopic level, one of the key parameters for transport in 
organic compounds is the transfer integral. This expresses how easily the transfer between 
adjacent molecules can be realized. The transfer integral associated with a given electronic 
level is related with the energetic splitting of that level when going from an isolated molecule 
to a system of interacting molecules. It has been shown that the transfer integral t between 
adjacent molecules can be estimated in a very good approximation as half of the splitting 
between the HOMO when stacks of such molecules are built. The width of the corresponding 
valence band can be expressed as a function of the transfer integral and is equal to 4 times 
the respective transfer integral [Bre02, Sir00]. Thus, the knowledge of the transfer integral is 
important in the context of charge transport. The transfer integral value of 0.04 eV 
determined from the fitting procedure is in good agreement with the experimentally observed 
band width of approximately 200 meV. 
 
4.2.3 PTCDI 
 
3,4,9,10-perylenetetracarboxylic-diimide (PTCDI) is very similar to PTCDA but has the 
bridging oxygen atom of the anhydride group replaced by the imide (NH) group. The 
molecule consists of 24 carbon atoms, 10 hydrogen atoms, 4 oxygen atoms, and 2 nitrogen 
atoms and its molecular structure is shown in figure 4.14. 
Information about crystal structure is not known so far but it is expected to have a 
similar herringbone structure with two molecules in the unit cell like PTCDA. Moreover, most 
of the perylenes adopt in their crystal structure an interplanar distance of approximately 3.3 Å 
[Kaz94]. This molecule is fully planar and exhibits the same planar perylene core with D2h 
symmetry as PTCDA.  
The PDOOS of PTCDI are presented in figure 4.14 for the marked atoms (see top left 
Figure). Like PTCDA and DiMe-PTCDI, they were obtained by Gaussian broadening of 
atomic contributions with a full width at half maximum (FWHM) of 0.5 eV. The TDOOS is the 
sum of all contributions of the labelled atoms. Examining the PDOOS of atoms contributing to 
TDOOS, there is practically no difference from DiMe-PTCDI. The highest occupied molecular 
orbital (HOMO) is mainly located over the perylene core and at the carboxylic atoms site and 
it has π character (see figure top right).  
The HOMO and the HOMO-1 appear as separate peaks while the remaining ones 
overlap. In order to compare the simulated DOOS and the measured valence band spectrum 
the energy scale of the calculated spectrum was shifted by 0.65 eV towards higher binding 
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energies. HOMO-1, for example, is assigned to some contribution of 2pz atomic orbitals from 
perylene core and of 2pz atomic orbitals of carboxylic oxygen and nitrogen.  
               
Figure 4.14 (a) PDOOS and TDOOS of PTCDI calculated by Gaussian broadening of the 
individual contributions with a FWHM of 0.5 eV (b) Valence band spectra of a PTCDI thin film at 
100 eV and of the calculated TDOOS. The HOMO and HOMO-1 are π-derived states. Top: left- 
geometry of PTCDI and the marked atoms contributing to TDOOS; right -charge density contours 
of the HOMO and HOMO-1. 
The IPES spectra showing the unoccupied molecular states of PTCDI are presented 
in figure 4.15. Like for PTCDA, the energy scale is given with respect to the Fermi level and 
the density of unoccupied states as deconvoluted using a Gaussian function with a FWHM of 
0.4 eV. For a good deconvolution of the spectra five individual peaks were used. The 
contributions of these individual peaks to the overall intensities of the measured IPES data is 
plotted with thin lines and the deconvoluted contributions are plotted with dashed lines. The 
experimentally measured results and the deconvoluted ones are presented together in figure 
4.15 (b). In addition, the spectral features are compared with the results from the DFT 
calculations. The procedure for obtaining the calculated DOUS is the same like for the other 
two molecules. In order to compare the simulated DOUS with the measured IPES spectrum 
the energy scale of the calculated spectrum was shifted by 0.95 eV towards Fermi level. As 
shown in figure 4.15 the LUMO levels are not affected by the substitution of anhydride 
(a) (b) 
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oxygens by the imide groups. Like for PTCDA and DiMe-PTCDI, most of the states in PTCDI 
are predominantly delocalized over the perylene core and the oxygen atoms. 
However, a comparison between the energy scales is found not to be required to 
achieve a good match between the experimental and theoretical lineshapes [Cor99]. Despite 
of the mismatch in energy scale between the experimental and calculated one, the frontier 
orbital distribution of the constituent atoms for the neutral molecule is not influenced. 
Moreover, our DFT calculations of occupied and unoccupied electronic levels of PTCDA, 
using the B3LYP method and 6-311++G(d,p) as a basis set, are in good agreement with the 
ones from a previous work [Hil00].  
 
4.3 Transport gap of perylene derivatives 
 
Figure 4.16 illustrates the combined electronic structure determined by UPS and IPES 
measurements of 15 nm PTCDA, DiMe-PTCDI and PTCDI films deposited onto sulphur 
passivated GaAs(100). The UPS data are depicted on the left side of the Figure, while the 
IPES data are on the right side. Here the IPES data were at first fitted using Gaussian peaks 
using a nonlinear least-squares fitting technique. The fitted peaks were then deconvoluted 
using Gaussian functions with a FWHM of 0.4 eV.  
 
(a) (b) 
 Figure 4.15 (a) The IPES spectra of PTCDI thin films together with convoluted and deconvoluted 
individual peaks that contribute to the overall intensity. (b) Experimental, deconvoluted and 
calculated densities of unoccupied states of PTCDI. Top figure: the charge density contours of the 
LUMO and LUMO+1. 
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Contributions of the individual peaks to the overall intensities of the experimentally 
measured IPES data are plotted with lines while the deconvoluted contributions are plotted 
with dashed lines. The UPS and IPES spectra for all the perylene derivatives under study 
were aligned at the Fermi level on the energy scale such that they exhibit a complete 
electronic structure around the gap.  
As shown in section 4.1 the determination of the transport gap requires the 
consideration of several points. In particular this addresses to the choice of the peak-to-peak 
HOMO-LUMO gap, rather than the edge-to-edge gap, to evaluate Etransport. The peak-to-peak 
distance is assumed to be the distance between the centroids of the two peaks representing 
the HOMO and LUMO of a single molecule. However, this value suffers corrections related to 
the width of the observed peaks. The first correction is due to vibrational excitations that tend 
to shift both the measured HOMO and LUMO peaks away from the Fermi level. Therefore, 
the measured peak-to-peak separation increases by the Franck–Condon maxima which are 
estimated to be about 100 meV for each peak [Pop82]. The next correction is attributed to 
the fact that UPS and IPES are surface sensitive techniques and as such measure electron 
levels located predominantly in the surface molecules. Methods to estimate the polarization 
energy in the bulk have been developed by Soos et al. [Soo01]. The correction to obtain the 
bulk from the surface polarization was experimentally estimated by Salaneck to be around 
0.3 eV for a molecule like anthracene [Sal79]. The total correction from the measured 
HOMO-LUMO gap to the bulk Etransport is obtained by adding the charge separation energy of 
0.3 eV for the HOMO and 0.3 eV for the LUMO. Consequently, the total correction is 
summing up to 0.8 eV. Combined direct–inverse PES measurements were so far performed 
only on thin PTCDA and CuPc films by Hill et al. [Hil00] and Gao et al. [Gao02] on thin films 
of ZnPc. In Hill’s work the HOMO–LUMO separation for PTCDA, as measured by the peak-
to-peak distance, is (4.0±0.1) eV and after applying the total correction, finally, the transport 
gap of PTCDA estimated by Hill et al. is (3.2 ± 0.4) eV. 
In this work, following the description of inorganic semiconductors, the edge-to edge 
positions are considered when determining the energy positions of HOMO and LUMO. The 
(a) (b) (c) 
Figure 4.16 Combined UPS and IPES measurements of (a) PTCDA, (b) DiMe-PTCDI and (c) PTCDI. 
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energy positions are determined from the intercept of two linear extrapolations. One 
describes the background and the second one from the low binding energy region in the 
HOMO or high binding energy in the LUMO, tangent to the curve at the inflection point. The 
IPES data were originally deconvoluted. For comparison purposes with the literature data the 
peak-to-peak energy is shown as well. The results obtained for the three perylenes are given 
in the table below.  
Organic material − − ±edge to edgeTransportE 0.2 eV − − ±peak to peakTransportE 0.2 eV  OpticalE  / eV  
PTCDA 2.74 4.05 2.22 
DiMe-PTCDI 2.6 4 2.16 
PTCDI 2.37 3.7 2.17 
 
Table 4.1 Transport gap of PTCDA, DiMe-PTCDI and PTCDI as determined from combined 
measurements of UPS and IPES. For comparison the optical gaps are presented as well. 
The resulting transport gaps show a dependence on the functional groups. The 
addition of a more electronegative functional group to the perylene core leads to stabilization 
of both occupied and unoccupied energy levels. The replacement of the anhydride group by 
the less polar imide or methylimide group leads to a smaller energy splitting between the 
energy levels since the charge is moved from the aromatic part, acting like a donor, to the 
accepting functional groups. It seems that the electron-withdrawing groups strongly influence 
the energy positions, especially the LUMO levels. Moreover, it is noticeable that such 
chemical derivatization does not influence the shape of the molecular orbitals. As depicted in 
the section 4.2 the charge densities related to the HOMOs and LUMOs are mainly distributed 
over the perylene core and have π-character. The trend observed for the transport gap is 
also preserved in the values for the optical gaps of these materials. These values were 
determined from the position of the first absorption peak in optical absorption.  
It is worth mentioning that these values are larger than the optical gaps determined 
from the position of the first absorption peak in optical absorption. The values are 2.22 eV 
and 2.16 eV for PTCDA and DiMe-PTCDI, respectively and 2.17 eV for PTCDI. The 
difference should correspond to the exciton binding energy. However, care should be taken 
when talking about the exciton binding energy. It is known that its energy depends on the 
crystalline structure [Hil00].  
 
4.4 Valence band spectra and interface electronic properties 
 
In Figure 4.17 valence band spectra of PTCDA, DiMe-PTCDI and PTCDI on sulphur 
passivated GaAs (001) surfaces are shown. The spectra were measured using synchrotron 
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radiation (hν = 99.1 eV) as a photon source. The left and right panels show the onset of the 
low kinetic (high binding) energy secondary electron peak and the top of valence band 
structures, respectively. The ionisation energy (IE), work function (() and the energy position 
of the HOMO of the organic films were obtained from the VB spectra of thin films ((15nm) in 
order to prevent any influence due to sample charging. The formation of an interface dipole 
can be derived from the shift of the secondary electron cut-off at high binding energy and is 
attributed to the presence of an interface dipole.  
The S-GaAs(100) surfaces show various IES-GaAs from sample to sample depending 
on the degree of the surface reconstruction [Par02] Here, only one representative valence 
band is presented (figure 4.17 lowest curve). The valence band maximum (VBM) in S-GaAs 
is found at (1.18 ± 0.08) eV with respect to the Fermi level EF, the ionization energy is 
determined to be (6.58 ± 0.08) eV. The feature with the lowest binding energy in the VB 
spectra of the organic films is attributed to the HOMO and as explained in the previous 
sections originates from the molecular orbital with π character and is distributed 
predominantly over the perylene core. Moreover, the major difference in the VB spectra 
between PTCDA and the other organic molecules is the strong peak at a binding energy of ~ 
4.5 eV. This peak stems from the π- and σ-bonds of the methylimide and imide group of 
DiMe-PTCDI and PTCDI, respectively.  
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Figure 4.17 Valence band spectra of S-GaAs(100) and of 15 nm organic films (PTCDA, DiMe-PTCDI 
and PTCDI) deposited onto such S-GaAs surfaces. 
Crucial for understanding e.g. the I-V characteristics of an organic modified device, 
i.e. diodes, is the information about the energy level alignment. Figure 4.18 illustrates the 
energy level alignment at the organic/S-GaAs interfaces for the three different organic 
semiconductors. The offset between the VBM of S-GaAs(100) and the HOMO of the organic 
semiconductor serves as an injection barrier for holes and can be easily determined using 
PES. For the transport of charges from the n-type doped GaAs(100) substrate into the 
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organic layer the relative alignment between the conduction band minimum (CBM) and the 
lowest unoccupied molecular orbital (LUMO) is of great importance. 
Two independent methods have been developed to determine the CBM-LUMO 
alignment. One method, already discussed in the previous chapter, by combining the UPS 
and IPES measurements (see previous section), the second method by determining the 
interface dipole at interfaces between PTCDA and DiMe-PTCDI and differently treated 
GaAs(100) surfaces. For a vanishing interface dipole the conduction band minimum (CBM) 
and the LUMO align, or, in other words, the electron affinity of the organic equals the electron 
affinity of the GaAs substrate [Kam03].  
A strong correlation is found between the interface dipole and the relative energy 
position of ELUMO and ECBM, the electron affinities of the PTCDA and DiMe-PTCDI film (EAO) 
and substrates (EAGaAs). EHOMO is always located well below EVBM. 
A detailed description of the interface dipole formation at the interfaces between 
PTCDA/n-type GaAs and DiMe-PTCDI/n-type GaAs was given elsewhere [Par02, Kam03] 
and is not discussed in detail in this thesis. However, the basic idea is that at thermal 
equilibrium, the number of electrons and holes that are transported across the interfaces 
should be equal. Due to the difference in the EA and IE between substrate surfaces and the 
organic films, each electron and hole transported undergoes an energy loss or gain. 
PTCDA DiMe-PTCDI PTCDI 
The net energy loss, therefore, depends on the electron and hole concentration that is 
transported across the interface and the energy difference of EAGaAs - EAO and IEGaAs - IEO. 
The interface dipole is formed in order to compensate the net energy loss. Since the GaAs 
used as substrate is doped for n-type conduction, it is expected that the number of electrons 
transported across the interface with the organic film is much higher than that of holes and, 
IE=(6.95±0.08) eV IE=(6.6±0.08) eV IE=(6.42±0.08) eV 
   
 Figure 4.18 Energy level alignment at the organic/S-GaAs(001) interfaces measured using UPS for 
determining the HOMO, ionization energy and work functions, and IPES for determining the LUMO 
position. 
Chapter 4. Electronic Properties of Perylene Derivatives - 56 - 
 
therefore, EAGaAs − EAO can be proposed to be the driving force for the interface dipole 
formation.  
In figure 4.19 the interface dipole is presented as a function of EAGaAs. It can be seen 
that the interface dipole formed at organic/GaAs(100) interfaces is linearly dependent on 
EAGaAs. Using a linear fit, the interface dipole for PTCDA is found to be zero at EAGaAs = (4.12 
± 0.20) eV. This value also represents EAPTCDA assuming that the formation of the interface 
dipole is driven by the difference between the electron affinities. For DiMe-PTCDI, on the 
other hand, EAGaAs was found to be zero at (3.83 ± 0.20) eV.  
It is now time to compare the VB-PES/IPES results with the results obtained using the 
interface dipole cancellation method. With the ionization energies presented in figure 4.19 a 
transport gap of (2.85 ± 0.1) eV for PTCDA and of (2.65 ± 0.1) for DiMe-PTCDI was 
determined. The values of (4.1±0.2) eV for EAPTCDA and (3.95 ± 0.2) eV for EADiMe-PTCDI are in 
very good agreement with the ones determined by the interface dipole as a function of 
EAGaAs.method, being (4.12 ± 0.1) eV for PTCDA and (3.82 ± 0.1) eV for DiMe-PTCDI.  
For further discussion it is worth mentioning several points. First, the J-V 
measurements showed that the barrier height of Ag/PTCDA/GaAs(001) contacts changes as 
a function of GaAs(100) surface preparation procedure. The J-V measurements for 
GaAs(100) substrates cleaned by hydrogen plasma reveal that the barrier height is found to 
decrease for thin PTCDA layers, up to ~ 6 nm nominal coverage. Such decrease in barrier 
           
 
Figure 4.19 The interface dipole formed at PTCDA/GaAs(001) and DiMe-PTCDI/GaAs(001) 
interfaces versus electron affinity of GaAs (001). 
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height for Ag/PTCDA/GaAs(100) contacts indicates that ELUMO is at or below ECBM. The 
HOMO-LUMO transport gap of PTCDA can then be estimated to be 2.51 ÷ 2.54 eV using the 
energy level alignment determined by VB-PES. The value for the band gap of PTCDA is 
larger than the one expected from the J-V characteristics but taking into account the 
experimental error of ± 0.2 eV for IPES all values are in good agreements. Another important 
point is related with the HOMO and LUMO bandwidths. As shown in section 4.2.2, the 
highest molecular orbital of DiMe-PTCDI proved to have a dispersion of about 0.2 eV. 
Moreover, theoretical calculations on perylene-imides showed that the HOMO band splitting 
is twice as large as the LUMO band splitting [New04]. Consequently, this dispersion will 
directly affect the determination of the HOMO position, leading to an increase or decrease in 
estimation of the HOMO-LUMO band gap.  
Consequently the edge-to-edge method for determining the transport gap is proposed 
to provide the most reliable values for the transport gap. Still the error bar for the band gap 
values is too large and further improvement in the determination of the gap values is needed 
in order to make precise prediction of energy level alignment at interfaces involving organic 
semiconductors and thus heterostructures engineering possible. 
 
4.5 XPS peak structures 
 
Photoelectron spectra of aromatic anhydride and imide perylene derivatives like 
PTCDA, PTCDI and DiMe-PTCDI show complex peak structures in C1s, O1s and to a lesser 
extend in N1s core levels. To get a deeper insight into the chemical interaction between 
metals and these organic molecules a careful analysis of these core levels is essential. 
Moreover, the peak intensity ratios cannot be simply explained by different chemical states of 
the atoms but are strongly influenced by multielectron excitations, so-called shake-up 
excitations. To further analyze the various spectroscopic features, i.e. to distinguish and to 
assign the contributing lines and the satellite structures in detail and to define their energetic 
positions a peak fit analysis was performed. DFT calculations were used to quantitatively 
reproduce the experimental data. Next, a detailed analysis of the multilayer spectra in 
comparison with the other two molecules will be presented. All spectra are normalized to the 
ring current of the synchrotron radiation and calibrated in excitation energy by using Pt4f core 
level emission spectra. 
 
4.5.1 C1s core level  
 
Figure 4.20 shows the C1s spectra of 15 nm PTCDA deposited onto sulphur 
passivated GaAs(001). The C1s spectra consist of two well separated features. The main 
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peak with maxima at about 285.3 eV stems from different carbon atoms of the aromatic part 
while the second peak located at 288.9 eV stems from the carbon atoms in the anhydride 
part. The contribution of the individual carbon sites are not easy to be separated even though 
the weak asymmetry at the low binding energy side indicates contribution due to a slightly 
different chemical environment in the aromatic part. To understand and to assign the most 
prominent features in the C1s core level emission, theoretical calculations were involved. 
Figure 4.20 (b) summarizes the calculated C1s shifts for PTCDA under the assumption that 
the molecule is the same in the initial and final states. The results provide evidence for three 
distinct groups of C atoms which constitute the perylene core. The four C atoms involved in 
C=O bonds are characterized by higher binding energy because of their highly 
electronegative environment.  
Because of the short time scale of the photoelectron emission, one normally assumes 
that the geometries in both initial and final states are identical. Under this assumption we find 
that the calculated core level shift of C-H is underestimated by 6.6 eV compared to the 
experimental value. On the other hand, we find that the discrepancy with the experiment 
regarding this shift is not removed, but overestimated, if the structural relaxations in the final 
state are allowed, i.e. in the presence of a core-hole. Moreover, the relative shifts between 
components appear to be less sensitive to the assumed geometries in the calculations. 
However, the real experimental system is not composed of isolated molecules, and it could 
be that the intermolecular interactions in the real solid may modify the core levels 
significantly for example by providing a modified screening environment. 
On the other hand, at the high binding energy side three peaks having smaller 
intensity are also present and they were attributed to multielectron excitations. One at 287 
eV, the second one is at 290 eV and the third one at 291.2 eV. During the fit it was observed 
that the stoichiometric ratio of the carbon atoms in the aromatic part to those in the functional 
group, which is 5:1, is not reproduced by the corresponding peak areas. It is only reproduced 
when the peaks at 287 eV and 291.2 eV are assigned to C=C and the shoulder at 290 eV is 
assigned to C=O. As stated above these features are satellites that correspond to the core 
ionized final states in which an e- from valence states is promoted from an occupied to an 
unoccupied level. The π-π* shake-up at 291.2 eV appears at a similar position with previously 
published data [Nor88, Enk95] and is assigned to shake-up processes in the benzene ring. 
On the basis of these observations we used four components to fit the C1s core level. 
These are assigned to:  
1). carbon atoms involved in C-H bonds, total number 8; 
2). carbon atoms involved in C=C=O bonds (underlined), total number 4; 
3). carbon atoms involved in C=C bonds, total number 8; 
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4). carbon atoms involved in C=O bonds, total number 4; 
Therefore, it is reasonable to assign the shake-up at the highest binding energy to 
excitations in the aromatic ring. On the other hand, as we have seen in the valence band 
simulations, the highest and lowest occupied molecular orbitals are π-type orbitals. Hence, 
the π-π* shake-up situated above the aromatic peak, at 287 eV, is unambiguously assigned 
to HOMO-LUMO shake-up satellite of the C=C bond. 
Taking into account these considerations a peak fit analysis was performed. The fit 
parameters were constrained as follows: the main lines (C-H, C=C=O, C=C, C=O) and 
satellites were described by Voigt functions having a constant Lorentzian width (ΓL) of 75 
meV and Gaussian functions with variable widths (ΓG). The energy positions of all 
components were allowed to vary. The ratio of the peak areas were constrained according to 
the PTCDA stoichiometry. In figure 4.20, the result of the peak fit analysis of the C1s of 
PTCDA using these constraints is displayed. The corresponding residual plotted underneath 
 (a)  
 
(b) 
 Figure 4.20 (a) Results of the peak fit analysis of the C1s spectra of a PTCDA thin film. For the main 
peaks C-H, C=C=O, C=C, C=O, Voigt functions with a fixed Lorentzian width of 0.075 eV and variable 
Gaussian width were used. A polynomial function combined with a Shirley background was chosen in 
order to obtain the best fit. The intensities are constrained by the stoichiometry of the atoms in PTCDA to 
8:4:8:4. The individual components for the C1s of PTCDA are assigned according to the colour coding. 
(b) Calculated positions of C1s (vertical bars), experimental, experimental with shake-up contributions 
subtracted and simulated C1s using a Gaussian function with FWHM of 0.84 eV. 
 
 C-H C=C=O C=C C=O π-π*C=C (1) π-π*C=O π-π*C=C (2) 
Energy / eV 284.6 285 285.3 288.6 287 290 291.2 
ΓG / eV 0.84 0.63 0.72 0.81 0.92 1.05 0.95 
Rel. Area / % 33.4 16.7 30 11.5 2.4 5.9 1.3 
ΓL / eV 0.075 0.075 0.075 0.075 0.075 0.075 0.075 
AC-H : ( AC=C + Aπ-π*C=C(1) + Aπ-π*C=C(2) ) : AC=C=O : (AC=O + Aπ-π*C=O )= 8 : 4 : 8 : 4 
  Table 4.2 Results of the peak fit analysis of the PTCDA C1s spectra in Figure 4.20 (a). 
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the spectrum reveals the excellent quality of the fit. The energy positions, linewidths and 
relative areas of the peaks are summarized in table 4.2.  
The same fit procedure and DFT single molecule calculations were applied to C1s of 
PTCDI and DiMe-PTCDI and are displayed in figures 4.21 and 4.22, respectively. The results 
of the fit are summarized in table 4.3 for the C1s core level of PTCDI and in table 4.4 for the 
one of DiMe-PTCDI.  
 It is noticeable that there is hardly any shift (< 0.1 eV) of the aromatic peak between 
PTCDA, PTCDI and DiMe-PTCDI. It is to be noticed, however, that the aromatic peak of 
DiMe-PTCDI presents a weak asymmetry in the high binding energy side. After a proper 
deconvolution this could be easily assigned to the carbon atoms involved in the C-N bond.  
(a) 
 
(b) 
 Figure 4.21 (a) Results of the peak fit analysis of the C1s spectra of a PTCDI thin film. The intensities 
are constrained by the stoichiometry of the atoms in PTCDI to 8:4:8:4. The individual components for 
the C1s of PTCDI are assigned according to the colour coding and the corresponding residual is plotted 
underneath the spectrum. 
(b) Calculated positions of C1s (vertical bars), experimental, experimental with shake-up contributions 
subtracted and simulated C1s using a Gaussian function with FWHM of 0.77eV. 
 C-H C=C=O C=C C=O π-π*C-C (1) π-π*C=O π-π*C-C (2) 
Energy / eV 284.6 284.9 285.2 288 286.8 289.4 290.7 
ΓG / eV 0.77 0.61 0.67 0.77 0.88 0.96 0.87 
Rel. Area / % 33 16 30 13 1.7 3 1.2 
ΓL / eV 0.075 0.075 0.075 0.075 0.075 0.075 0.075 
AC-H : ( AC=C + Aπ-π*C=C(1) + Aπ-π*C=C(2) ) : AC=C=O : (AC=O + Aπ-π*C=O )= 8 : 4 : 8 : 4 
 Table 4.3 Results of the peak fit analysis of the PTCDI C1s spectra in Figure 4.21 (a). 
Like PTCDA the well separated features, at higher binding energy can be attributed to 
the C1s of the functional groups, i.e. imide group in PTCDI and methylimide group in DiMe-
PTCDI. Both, the binding energy and the line shape of these structures together with the 
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corresponding shake-up features vary significantly for the three molecules. From PTCDA, 
over DiMe-PTCDI to PTCDI the peak maximum shifts by 0.6 eV to lower binding energies. 
The replacement of the anhydride group by the less polar imide groups leads to the smaller 
energy splitting between the aromatic and the functional groups considering the higher 
electronegativity of oxygen compared with nitrogen. Furthermore, after a detailed fit the 
satellite intensity strongly depends on the polarity of the functional group. The shake-up 
process is attributed to an intramolecular charge transfer. Since in the π-π* (C=O) shake-up 
process the charge is moved from the aromatic part, acting like a donor, to the accepting 
functional groups the decrease in intensity of the *C=Oπ π−  satellite, especially in PTCDI case 
can easily be explained. 
 
(a) 
 
(b) 
Figure 4.22 (a) Results of the peak fit analysis of the C1s spectra of DiMe-PTCDI thin films. The 
intensities are constrained by the stoichiometry of the atoms in DiMe-PTCDI to 8:4:8:2:4. The individual 
components for the C1s of DiMe-PTCDI are assigned according to the colour coding and the 
corresponding residual is plotted underneath the spectrum; 
(b) Calculated positions of C1s (vertical bars), experimental, experimental with shake-up contributions 
subtracted and simulated C1s using a Gaussian function with FWHM of 0.7 eV. 
 
 
 
 C-H C=C=O C=C C-N C=O π-π*C=C (1) π-π*C=O π-π*C=C (2)
Energy/eV 284.6 285 285.3 285.9 288.4 287 290 291.2 
ΓG / eV 0.71 0.64 0.60 0,75 0.81 0.92 1.08 0.89 
Rel. Area/% 30 15 27.5 7.6 11.5 2,3 5.9 1.2 
ΓL / eV 0.075 0.075 0.075  0.075 0.075 0.075 0.075 
AC-H : ( AC=C + Aπ-π*C=C(1) + Aπ-π*C=C(2) ) : AC=C=O : (AC=O + Aπ-π*C=O )= 8 : 4 : 8 :2: 4 
 
 Table 4.4 Results of the Peak Fit Analysis of the DiMe-PTCDI C1s spectra in Figure 4.22 (a). 
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4.5.2 O1s core levels  
 
Additional information when analyzing XPS data comes from the O1s core level 
emission of PTCDA, PTCDI and DiMe-PTCDI and from the N1s core level emission of PTCDI 
and DiMe-PTCDI. The smaller number of spectral features that originate only from two 
different oxygen species makes the O1s data easier to interpret. Figure 4.23 (a) shows the fit 
result of the O1s spectrum. The energy positions, linewidths and relative areas of the peaks 
are summarized in table 4.5. The peaks at 531.5 eV and 533.5 eV are attributed to the main 
photoemission lines of the O=C and C-O-C atoms. At 533.2 eV, an intense HOMO-LUMO 
shake-up satellite of the O=C peak is visible. In PTCDI the central atom is replaced by a NH 
group thus the O1s spectrum, displayed in figure 4.23 (b), only exhibits the carboxylic 
contribution and a shake-up satellite. A similar situation is encountered in the O1s of DiMe-
PTCDI, where the anhydride oxygen is replaced by N-CH3.  
As explained in the previous section the intensity of the shake-up decreases from 
PTCDA to PTCDI. If in the case of PTCDA the intensity is 13%, for PTCDI the intensity is 
 
 
 
 
 
 
(a) (b) 
 Figure 4.23 (a) Results of the peak fit analysis of the O1s spectrum of PTCDA and (b) O1s spectrum of 
PTCDI. The individual components for the O1s core level emission of PTCDA are assigned according to 
the colour coding and the corresponding residual is plotted underneath the spectrum. 
 
 
 
 C=O C-O-C π-π*C=O 
Energy / eV 531.5 533.5 533.2 
ΓG / eV 1.06 1.16 1.63 
Rel. Area / % 55 33 11 
ΓL / eV 0.12 0.12 0.12 
 AC-O-C : (AC=O + Aπ-π*C=O )= 1 : 2  
 
 C=O π-π*C=O 
Energy / eV 531.5 533.2 
ΓG / eV 1.06 1.56 
Rel. Area / % 89 11 
ΓL / eV 0.12 0.12 
Table 4.5 Results of the peak fit analysis of the O1s spectra of PTCDA (left) and PTCDI (right). 
. 
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decreased to 8% for the corresponding peak. These results enforce the given interpretation. 
At the same time we can learn that the intramolecular excitations within a single molecule 
strongly depend on the polarity of the functional group. 
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Chapter 5 
5. Molecular orientation of perylene derivatives 
 
 
5.1 Angular dependence in NEXAFS: formalism 
 
Due to its atomic sensitivity (see section 2.3) and its polarization dependence 
NEXAFS allows to determine the spatial orientation of the unoccupied orbitals in terms of 
dipole selection rules. The so-investigated orbital can be translated into the molecular 
geometrical orientation if the principal relationship between the relevant orbital and the 
atomic arrangement is known. For the molecules under investigation, PTCDA; PTCDI and 
DiMe-PTCDI, this is typically the case for the (lower) π* resonances in the perylene core. In 
the following I will introduce the formalism used in the investigation and show how this 
formalism was applied to PTCDA, PTCDI and DiMe-PTCDI. 
In the case of well ordered samples, the X-ray absorption signal often exhibits a 
strong dependence on the angle of the incoming light with respect to, for example, the 
surface normal. This dependence can be used to determine the molecular orientation 
[Stö96]. Responsible for this angular variation is the scalar product of the electric field vector 
E/ E
JG JG
 and the dipole matrix element p
G
f i  in expression (2.14) for the X-ray absorption 
cross section. The main component of the electric field: 
cos( * - * ) sin( * - * )E E k z t E k z tω ω⊥= +&JG   (5.1) 
emitted by the synchrotron radiation sources lies in the plane of the electron orbit and is thus 
denoted E&  while E⊥  designates the component perpendicular to E& . The degree of linear 
polarization is conveniently represented by the polarization factor: 
 
2
2 2
E
P
E E⊥
=
+
&
&
  (5.2) 
which is ~ 0.98 for the Russian-German beam line at BESSY, a number which indicates a 
high degree of linear polarization. 
 For the calculation of the dipole matrix element p e r∝ •G Gf i f i , which here has 
been re-expressed using the dipole operator e r• G  instead of the linear momentum operator 
p
G
, taking into account the dipole selection rule 1lΔ = . For the measurements presented in 
the following, which employ excitation from the C1s orbitals only, this means that the final 
state f  has to contain a component of p-symmetry. For the perylene derivatives the lowest 
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energy final state stems from the ring π-orbitals which are described by a vector πJG  
perpendicular to the molecular plane. Thus, p e r∝ •G Gf i f i  is directed along πJG  (see 
figure 5.1). 
 
Figure 5.1 The orientation of the orbital, i.e. vectorπJG , characterized by a polar angle α  and 
azimuthal angleφ . The X-rays are incident in the (x,z) orbit plane of the storage ring which contains 
the major electric field component E& . The angle of incidence θ  is changed by rotating the sample 
around the y-axis. On the right side, the molecular π-system of PTCDA has been symbolized by p-
orbitals at the carbon vertices and described by a vector πJG  perpendicular on the molecular plane.  
 
Therefore, the scalar product of E
JG
and the matrix element e r•
G
f i  is proportional to 
cos2δ where δ is the angle between the electric field vector and the direction πJG  of the final 
state molecular orbital. The angle δ can be expressed by a different set of angles, namely 
the angle of light incidenceθ , the π  orbital polar angle α and orbital azimuthφ .  
 For two fold substrate symmetry such as sulphur passivated GaAs(100), the 
experimental intensities associated with the absorption cross section as a function of light 
incident angle can be expressed as [Stö96]: 
{ } { }( )2 2 2 2 2 2 2( ) cos (90 )cos sin (90 )sin cos (1 ) sin sinI A P Pθ θ α θ α φ α φ= ° − + ° − + −    (5.3) 
where A is an experimental constant that describes the absolute angle-integrated intensities 
and it should be the same for all different angles and P is the polarization factor defined by 
Eq. (5.2).  
Figure 5.2 schematically illustrates the polarization dependence of *π and 
*σ resonances which can be observed in a planar π −conjugated molecule lying flat on a 
substrate surface. A transition from the K-shell to unoccupied *π orbital has maximum 
intensity when the electric field vector E
JG
of the linearly polarized X-ray beam is parallel to the 
orbital. The transition intensity is dipole-forbidden when the polarization vector is 
perpendicular to the orbital.  
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 Figure 5.2 Schematic diagram of the polarization dependence on the intensities of *σ  and *π  
 resonances for a planar π−conjugated molecule system lying flat on the substrate surface. 
 
In order to determine the orientation of πJG  and consequently about the molecular 
orientation, one has to measure the intensity dependence of a particular resonance on the 
light incidence angle θ . Since Eq. (5.3) contains three unknown parameter A, α and φ , this 
is not sufficient for an unambiguous determination of the molecular angles. By introducing 
another experimentally controlled variable, the sample azimuth ω , the three parameters can 
be fully determined. Moreover, a curve fitting procedure is employed for the determination of 
parameters A, α and φ , from the intensity curves. This has the disadvantage that the results 
often depend on the initial values specified. In order to gain full control over the analysis 
process specific models for describing the orientation were used. 
 
Molecular orientation of perylene derivatives  
While the structures of the PTCDA, PTCDI and DiMe-PTCDI (see chapter 6) seem 
qualitatively similar, a quantitative comparison of the angular dependence of the intensities of 
the aromatic rings does reveal significant differences. The major differences are between 
DiMe-PTCDI and the other two molecules, i.e. PTCDA and PTCDI. Therefore, the NEXAFS 
results on DiMe-PTCDI are going to be treated independently from the other two. Moreover, 
the procedure for eliminating the factor A (see Eq. 5.3) from the set of variables to be 
determined is different for DiMe-PTCDI. 
 
5.1.1 NEXAFS on PTCDA and PTCDI films on S-GaAs(001) substrates 
 
The C K-edge NEXAFS spectra of 15 nm PTCDA and PTCDI films grown on S-
GaAs(001) substrate taken at different angles between the incident photon and the surface 
plane are shown in figure 5.3. A thorough discussion of the spectral features is given in 
chapter 6, here it is merely noted that peaks below 289.4 eV are related to transitions from 
the C atoms in the perylene core into LUMO and LUMO+1 states.  
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(a) (b) 
 Figure 5.3 (a) C K-edge NEXAFS of PTCDA  and (b) PTCDI  as a function of θ, the angle of incidence;  
the lower energy features (284-290 eV) represent the π* resonances, while those features above 290 eV 
are related to σ* resonances. 
 
The photon energy interval from 275 to 315 eV was chosen to completely span the C 
K-edge and all *π  and *σ  transitions. For each sample, scans were taken at angles of the 
polarization vector with respect to the sample plane between 45° and 135°, as indicated in 
figure 5.3. Spectra were normalized to a gold film evaporated in situ on silicon to remove the 
transmission function of the optics. To account for angle-dependent changes of the 
absorption path and the collection efficiency, we normalized the spectra such that they 
coincide for photon energies far below and far above the C K-edge absorption edge. This 
procedure effectively normalizes the signal to the number of carbon atoms sampled in the 
experiment. 
The trends of *π resonances are the same in both molecules. Focusing on the 
*π resonance at 285.8 eV, the best resolved resonance in the C K-edge spectra, a strong 
angular dependence is observed. The largest intensity for this resonance is reached at 45° 
and 130° while the minimum is observed between these two angles, at 95°, in other words at 
5° off from normal incidence. 
Before proceeding further with the analysis of the angular dependence, an interesting 
point needs to be mentioned. If perfect order exists the *π intensity in figure 5.3 should 
change between 0 and 1 when changing the angle of the incident beam. The magnitude of 
the modulation in the *π intensity decreases with increase in the spread of orientations of 
molecules. Because the electric field vector cannot be perpendicular to all molecules at any 
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angle of incidence the *π resonances will not show a minimum when a degree of 
orientational disorder is present.  
A crucial problem in the analysis of the data is a reliable determination of the 
resonance intensities which depends on the incidence angle. In such cases it is 
advantageous to use a simpler analysis method, consisting of curve fitting difference spectra 
[Stö87, Yan04]. The normalized NEXAFS spectra may be compared qualitatively by creating 
difference spectra. These can be obtained by subtraction of two spectra recorded at two 
different incidence angles for the same orbital tilt. In this way all the angle dependent 
features are readily isolated and the so-called isotropic components are removed.  
Figure 5.4 (a) compares the angular dependence of the NEXAFS spectra of PTCDA 
at 95° incidence, 45° incidence and the results of subtracting the 95° from the 45° spectra, 
respectively.  
 
 
(a) 
 
(b) 
 Figure 5.4 (a) C K-edge NEXAFS spectra of PTCDA recorded at 45°, 95° angle of incidence and 
the difference spectra obtained by subtracting the spectrum recorded at 45° form the one recorded 
at 95°. (b) Example of a curve fitted difference spectrum. 
 
Quantitative analysis is performed by a curve fitting procedure of the difference 
intensities as a function of θ . Since we focused on π* resonances and the resolution of the 
monochromator is better that 10 meV, Lorentzian lineshapes were chosen for the fit. One 
example of such fit is presented in the figure 5.4 (b). Upon this deconvolution the area under 
the peaks was used to measure their intensities. 
Unfortunately, examination of Eq. (5.3) reveals that angles which determine the 
molecular orientation cannot be determined from the difference spectra alone. The problem 
arises from the fact that parameters A, α and φ  are unknown and can be circumvented by 
use of a “standard” system. By employing the same experimental arrangement for the 
“standard” and the unknown system the normalization constant A can be assumed the same 
in both cases. Knowing the orientation of PTCDA, the “standard” system makes the 
determination of the constant A possible. The determined factor A can be used to extract the 
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tilt angle of the new system. This procedure will be used to determine the orientation of 
PTCDI using PTCDA as a “standard” system.  
Infrared measurements on PTCDA/S-GaAs(001) thin films show isotropy in the 
substrate plane. Quantitative analysis of the ratio of the in-plane with respect to the out-of 
plane molecular modes revealed that the molecular planes of the PTCDA molecules form an 
average angle of ~8° with respect to the S-GaAs(001) substrate plane [Sch03]. Therefore, for 
obtaining the parameter A, an angle α between 5° and 9° was used in the simulation. The 
best value obtained for A is 1.7, as we can judge from figure 5.5.  
Following the procedure described above, this value is used for further simulation of 
the intensity differences of the band at 285.8 eV in PTCDI. The best fits to the experimental 
data are presented in figure 5.6. An average tilt angle of θ =6° ± 3° of the molecular plane 
was obtained when the azimuthal angle φ  is 0°. This may be due to the herringbone 
structure that most of the perylene derivatives tend to adopt. The 90° angle between the two 
molecules in the unit cell will average the azimuthal angle to 0°.  
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 Figure 5.5 Intensities of difference spectra (symbols) for the π∗-resonance at 285.8 eV of PTCDA, as 
a function of the incidence angle, obtained by subtracting the spectrum recorded at 45° incidence 
angle from each of the spectra of the other angles of incidence. Simulated curves are plotted with lines 
using different A constants (left) and different α (right). 
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Figure 5.6 Experimental intensity difference (symbols) and calculated (lines) for the π∗-resonance at 
285.8 eV as a function of the incidence angle for PTCDI grown on S-GaAs (001) substrate. 
5.1.2 NEXAFS on DiMe- PTCDI films on S-GaAs(001) substrates 
 
In contrast to the herringbone structure of the PTCDA molecules where the angle 
between the two molecules in a unit cell is almost 90°, the DiMe-PTCDI molecules in a unit 
cell align in the same direction (see section 4.2.3). In order to reveal the exact molecular 
orientation of the DiMe-PTCDI film, investigations combined with azimuthal angular 
dependence measurements of NEXAFS were carried out. 
In figure 5.7 the evolution of high-resolution NEXAFS spectra of DiMe-PTCDI as a 
function of angle of incidence for two different directions of the S-GaAs(100) substrate [011] 
(a) and [0-11] (b) is shown. Different spectral distributions and intensities are observed 
between the two geometries used. The π* resonance at 284.4 eV has a strong intensity 
compared to the σ∗ resonances in the [011] geometry. An increase in the intensity of these π* 
resonances is observed with increasing incidence angle. The σ∗ resonances, instead, show 
an opposite trend. Moreover, for [0-11] geometry, the situation is reversed. The σ∗ 
resonances show a strong variation in intensity with increasing angle of incidence its intensity 
decreases. 
However, the tilt angle of the molecular plane θ , and the azimuthal angle φ  of the 
long axis of the molecular plane onto the substrate can be obtained from a simulation of the 
experimental intensities. The intensity ratio for the bands related to π∗ resonances is 
presented in figure 5.8 (symbols) as a function of incidence angle for two azimuthal 
directions of the sample: when the plane of incidence contains the [011] or [0-11] directions 
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of the S-GaAs(100) substrate. The best fits to the experimental data are also presented in 
figure 5.8. An average tilt angle of θ = 56° ± 5° of the molecular plane is obtained while for 
the in-plane projection an angle of χ = -7°± 3° with respect to the [011] axis of the S-GaAs 
substrate is evaluated. 
 
(a) 
 
(b) 
 Figure 5.7 (a) C K-edge NEXAFS of DiMe-PTCDI as a function of θ the angle of incidence when the 
plane of incidence contains the [011] or (b) [0-11] directions of the S-GaAs(100) substrate. 
  
Figure 5.8 Experimental (symbols) and calculated (lines) intensity ratio of π* resonances at 284.4 eV 
as a function of incidence angle. Different symbols indicate different samples. 
Raman, Infrared and Ellipsometry results measured ex situ also show that the DiMe-
PTCDI molecules have a high angle, 56°±4°, with respect to the substrate surface. This 
study, together with Raman Spectroscopy, proved that the PTCDA and PTCDI molecules in 
the films are oriented in such a way that the molecular plane lies parallel to the S-GaAs(100) 
surface while DiMe-PTCDI molecules form an angle of 56°±4° with respect to substrate 
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surface. The high order is attributed to the termination of the chemically active sites by 
sulphur atoms and to the smoothness of the sulphur passivated surfaces. 
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Chapter 6 
6 Metal/Organic Interfaces 
 
 
6.1 Photoemission spectroscopies on Mg/Organic interfaces  
 
6.1.1 Mg/PTCDA interface 
 
Figure 6.1 (a) shows the C1s core level spectra for bare PTCDA and with different Mg 
coverages. The C1s core level components of the bare PTCDA are described in detail 
elsewhere (see chapter 4) and only briefly discussed here. It consists of two main 
components. The high binding energy component corresponds to the anhydride group while 
the low binding energy component corresponds to the perylene core. Three more 
components having smaller intensity are also present and they were attributed to 
multielectron excitations (shake-up satellites). The area ratio of the peaks are in good 
agreement with the expected values (8:4:8:4) when the shake-up area is taken into account. 
Together with the bare C1s core level, the peak fit analysis for three different Mg thicknesses 
is displayed in the same figure. The peak parameters are constrained as follows: for the main 
lines (C-H, C-C, C-C=O, C=O) Voigt profiles were used with a constant Lorentzian line width 
of 80 meV and variable width for the Gaussian functions. The ratio of the peak area in the 
perylene core was constrained according to the perylene stoichiometry. 
For all Mg thicknesses, we observe strong changes in the C1s spectra as compared to 
the spectrum of bare PTCDA due to the interaction of Mg with PTCDA. These changes 
include BE shifts which are significantly different for the various atoms and the appearance of 
new features. However, the reaction can be followed in more detail in figure 6.1 (b) and (c) 
where the evolution of all parameters (i.e. FWHM, Intensity and Relative Area) resulting from 
the peak fitting analysis is presented. Upon deposition of 0.2 nm Mg all the components of 
the C1s core level are significantly decreased in intensity. A stronger decrease is observed for 
the high binding energy component indicating that the presence of Mg reduces the carboxylic 
carbon contribution. However, two new components at 285.35 eV (C1) and 287.45 eV (C2) 
evolve on the low binding energy site of this peak. The component C1 is present in the 
spectrum up to thicknesses larger than 13 nm while the component C2 vanishes at 
thicknesses above 0.8 nm. This component indicates that some molecules, because of the 
formation of new bonds, are in a higher oxidation state. It is very interesting to notice that if 
we integrate these two peaks and calculate the total area we find that this is very close to the 
stoichiometric ratio of 5:1 between the perylene ring (20) and functional group carbon atoms 
(4). Therefore, the C1 and C2 structures can be attributed to some intermediate phases 
derived from the carboxylic carbon at 289.5 eV. 
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 Figure 6.1 (a) C1s core level spectra and contribution of the individual peaks to the overall intensities 
of the C1s, for bare organic and upon metal deposition. (b) Evolution of fit parameters (FWHM, 
Intensity, Relative Area) of the C1s core level as a function of the Mg thickness for new components 
and (c) for the original components.  
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In the low binding energy region the spectra of C1s for all Mg coverages show basically 
the same spectral feature but with drastically different intensities and significant broadening. 
After a decrease in intensity upon deposition of 0.2 nm Mg at a coverage of 0.4 nm the 
intensity of the aromatic carbon slightly increases. We interpret this observed signal changes 
as a result of a redistribution of charges in the molecule. Moreover, the area ratio of the C1s 
peaks in the perylene core remains constant for all Mg thicknesses. The remaining π→π* 
shake-up satellites in the C1s spectra, presented as a zoom-out in the right panel of the figure 
6.1(a), shows that the organic compound preserves its aromatic structure. Therefore, one 
main finding from the C1s fit analysis is that the total number of carbon atoms after the 
interaction of Mg with PTCDA is not changed. We note that for larger thicknesses than 0.8 
nm no significant change can be observed except attenuation in the core level intensity due 
to the Mg coverage.  
Following the evolution of the O1s and Mg2p core levels a thorough interpretation of 
the changes observed in C1s can be given. As a short reminder, the O1s for bare PTCDA 
consist of two distinct components stemming from different oxygen environment within the 
anhydride group, O=C (low binding energy) and C-O-C (high binding energy), respectively. 
The small intensity at higher binding energy than 
the O=C component stems again from a π→π* 
shake-up satellite. The evolution of O1s and Mg2p 
spectra as a function of Mg thickness is presented 
in figures 6.2 and 6.4, respectively. The results of 
the fit are summarized in figure 6.3 (a, b) for the 
O1s core level and in figure 6.4 (b) for the Mg2p 
core level. At low Mg coverage (0.2 nm) the 
intensity of the O1s components decreases 
significantly compared to the spectrum of bare 
PTCDA. The Mg2p signal at this stage can be 
fitted using three components: one strong 
component at 51.20 eV labeled Mg2 and 
attributed to MgO [Bri93], one component at 
50.45 eV labeled Mg1 and attributed to Mgionic 
[XPS99] and the highest binding energy 
component labeled Mg3. This component may 
coincide in binding energy with that of Mg(OH)2 
and MgCO3. The FWHM of these components is supposed to have the largest value for the 
lowest coverage because of a not well-defined environment at the reacted interface. For 
higher Mg coverage (0.4 nm), however, two new peaks appear in the O1s spectra while the 
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Figure 6.2 O1s core level spectra and 
contribution of the individual peaks to the 
overall intensities of the O1s, for bare 
organic and upon metal deposition. 
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C-O-C component is drastically reduced. For the same thickness, corresponding to about 
one monolayer of Mg, one more component with very low intensity is present, Mgmetallic 
[Wag79, Fug80]. As the coverage increases the C-O-C peak vanishes indicating that the 
single bonded oxygen atoms are involved in the chemical reaction.  
In the O1s spectra two new components are present. The O1s feature at a binding 
energy of 530.9 eV corresponds to MgO while the feature at 533. 4eV (O2) has a similar 
values as for MgCO3 (532.9 eV) [XPS99]. As the coverage increases the intensities of the 
new components continues to increase. Contrary to the intensity the FHWM is decreasing 
which suggests that these features seem to develop into well defined and more 
homogeneous environments. Moreover, the intensity of the O=C component is continuously 
decreasing as the Mg thickness is increased in agreement with the appearance of the strong 
metallic Mg component observed above 1.6 nm Mg. 
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 Figure 6.3 (a) Evolution of fit parameters (FWHM, Intensity, Relative Area) of the C1s core level as a 
function of the Mg thickness for original components and (b) for the new components  
(b)(a) 
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A gradual shift of ∼ - 0.7eV for C1s and of ∼+ 0.25 eV for O1s is observed. These shifts 
are attributed to the redistribution of charges in the molecule due to the reaction of Mg with 
the end groups of PTCDA. An additional contribution of screening due to the photogenerated 
core-hole upon deposition of Mg can not be excluded. At thicknesses larger than 0.8 nm the 
C1s and O1s features shift towards higher binding energies by ∼+ 0.6 eV and ∼+1 eV, 
respectively. At a thickness of 0.8 nm the C-O-C component vanishes. This is an indication 
that the reaction between Mg and PTCDA is complete with the apparent formation of MgO 
and a modified organic molecule with different properties than PTCDA. The presence of MgO 
will prevent diffusion of Mg into the organic film. 
As a result, the C1s and O1s photoemission lines can not be efficiently screened by the 
charge transfer and appear at higher binding energy. We notice that at about the same 
thickness the Mgionic component decreases dramatically. 
For larger thickness (3.2 nm ÷ 13 nm) the intensity of the metallic Mg contribution 
increases with increasing thickness. Persistence of the C1s main peak and the O1s (O=C) 
   (a)                                       
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Figure 6.4 (a) Mg2p core level spectra and contribution of the individual peaks to the overall 
intensities of Mg2p upon metal deposition. (b) Evolution of fit parameters (FWHM, Intensity and 
Relative Area) of the Mg2p core level components as a function of the Mg thickness. 
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peak as well as of the oxidized Mg up to coverage of at least 13 nm shows that clusters of 
Mg are formed on top of the reacted layers. It is more appropriate to say that the interface 
region consists of MgO and clusters of Mg dispersed in the modified PTCDA host. 
Figure 6.5 shows the valence band spectra upon deposition of Mg on a 15 nm film of 
PTCDA. The bottom spectrum in this figure corresponds to bare PTCDA. Assignments of the 
valence bands can be found in chapter 4, the most important features being briefly reminded 
here. The HOMO band (feature A) corresponds to a single molecular orbital distributed over 
the perylene core. The next band (feature B) is mainly attributed to the O2p derived molecular 
orbitals. Upon deposition of Mg, the centre and right hand panels clearly show the presence 
of filled states in the gap of the organic (feature C) at about 1.3 eV above the HOMO. The 
relative intensities of these filled states remain the same up to a nominal thickness of 0.4 nm 
Mg. Upon further deposition of Mg, feature A shifts slightly towards lower binding energy 
while feature C does not change its binding energy position. Both features are observed until 
high Mg coverage but with a considerable broadening. In connection with the cores level 
spectra, the change in features A and C is explained by the strong intermixing between Mg 
atoms and the organic material resulting in MgO, charge transfer to the molecule and a 
modified organic molecule. For comparison, the VB spectra for 0.8 nm Mg on a PTCDA film 
and MgO are depicted in figure 6.6 (a). The MgO valence band features were measured 
using a He discharge lamp with an excitation energy of 21.22 eV. By comparison with the 
valence band spectra corresponding to MgO, the new features in the Mg/PTCDA valence 
band spectra corroborate the formation of MgO. The formation of MgO is consistent with the 
 
 Figure 6.5 Evolution of valence band spectra of 15 nm PTCDA upon Mg deposition. 
Chapter 6. Metal/Organic Interfaces  - 79 - 
 
 
delay of the appearance of the metallic Mgmetallic component in the Mg2p core level spectra. 
More interestingly, the feature at ≈ 6 eV increases strongly between 0.8 and 3.2 nm and 
begins to decline after showing a maximum at 1.6 nm. At 3.2 nm the formation of a Fermi 
edge is observed.  
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Figure 6.6 (a) Comparison between the valence band spectra of 0.8nm Mg on a PTCDA film and 
MgO. (b) Evolution of the ionization energy and of the work function as a function of Mg thickness. 
(c) Calculated valence band (left) and C1s core level (right) of the pristine PTCDA and of the 
modified molecule using Gaussian ’98 B3LYP-6311-G(d,p). 
The evolution of the ionization energy and of the work function as a function of Mg 
thickness is shown in figure 6.6 (b). As observed at low metal coverage the electronic 
properties of the organic films are dramatically influenced. Before the deposition of Mg the IE 
and φ values for bare PTCDA are (6.9 ± 0.07) eV and (4.96 ± 0.07) eV, respectively. After the 
first deposition of Mg there is an abrupt decrease in φ  followed by a slower decrease 
reaching the value of (4.1 ± 0.07) eV at 0.8 nm. For larger thicknesses than 0.8 nm both, IE 
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and φ , show a gradual decrease reaching a final value of (3.9 ± 0.07) eV. The latter value is 
closer to the value corresponding to metallic Mg. The presence of a Fermi edge at 3.2 nm 
clearly indicates that the formation of MgO prevents diffusion of Mg into the organic film and 
that the metal clusters grow on top of the reacted layer. 
Summarizing the chemistry at the interface, the evolution of C1s, O1s and Mg2p core 
levels indicates a strong chemical interaction between Mg and the single bonded oxygen 
atoms of PTCDA. This interaction leads to the formation of MgO and a modified organic 
molecule with different properties than PTCDA. The calculated valence states and the C1s 
core level of pristine PTCDA and of the modified molecule are compared in figure 6.6 (c). 
The calculated data corroborate very well the experimental results. Namely, the C=O 
component of the C1s core level shifts towards lower binding energies and the valence states, 
in particular HOMO, shift slightly towards lower binding energy. Moreover, we can state 
again that the gap states are formed as a consequence of charge transfer and not due to a 
molecular modification. The formation of MgO preferentially occurs in the initial stage of Mg 
deposition, followed by the accumulation (clustering) of Mg atoms at the surface of the 
organic film.  
 
6.1.2 Mg/PTCDI interface 
 
Figure 6.7 (a) shows the C1s core level spectra for bare PTCDI and with different Mg 
coverages. Together with bare C1s core level, the peak fit analysis for several selected Mg 
thicknesses is displayed in the same figure. The peak parameters are constrained as follows: 
for the main lines (C-H, C-C, C-C=O, C=O) Voigt profiles were used with a constant 
Lorentzian line width of 80 meV and variable width for the Gaussian functions. The ratio of 
the peak area in the perylene core was constrained according to the perylene stoichiometry. 
For all thicknesses, we observe strong changes in the C1s spectra as compared to the 
bare PTCDI due to the interaction of Mg with PTCDI. These changes include BE shifts which 
are significantly different for the various atoms and the presence of a new feature. The 
reaction can be followed in more detail in figure 6.7 (b) and (c) where the evolution of all 
parameters (i.e. FWHM, Intensity and Relative Area) resulting from the peak fitting analysis 
is presented. 
Upon deposition of 0.2 nm Mg all components of the C1s core level are significantly 
decreased in intensity and shifted towards lower binding energies. The shifts are significantly 
different for the various C atoms. As previously discussed two processes or their combination 
can be responsible for the origin of these changes. Charge transfer from the metal to the 
molecule and change in the final state screening due to the presence of the metal. The 
components attributed to the perylene core and its shake-up satellites are shifted by ≈ 0.5 eV 
towards lower binding energies. The C=O component, on the other hand, is shifted by about 
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1.4 eV while its shake-up satellite by only 0.7 eV. Consequently, we can conclude that a 
larger amount of charge is transferred from the metal to the carboxylic carbons compared 
with the perylene ones.  
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 Figure 6.7 (a) C1s core level spectra and contribution of the individual peaks to the overall intensities 
of the C1s, for the organic film and upon metal deposition. (b) Evolution of fit parameters (FWHM, 
Intensity and Relative Area) of the C1s core level as a function of the Mg thickness for the original 
components and (c) for the new component. 
(b)
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Additionally, since the core photoelectron shake-up spectra provide information on the 
screening of the core-hole created in the photoionization process and about the bonding 
strength during interaction, one can state that there are different gradients of screening along 
different segments of the molecule. A new component at 285.35 eV (C1) evolves on the high 
binding energy site of the main peak. The component C1 is present in the spectrum up to 
thicknesses larger than 13 nm and its evolution can be followed in figure 6.7 (c). This 
component can be attributed to some molecules that are in a higher oxidation state, because 
of the formation of new bonds, but additional details about the assignment of the C1 peak will 
be given later. It is Interesting to notice, that the relative area of this new component 
represents 25% from the total area and equals the relative area of the C-C component. For 
larger Mg coverages the same spectral feature shows basically the same but with a 
significant broadening. An increase of FWHM seems to be common for the perylene 
components. The FWHM of the C=O feature increases more rapidly. This indicates that the 
C=O is involved in a chemical interaction with Mg. The reasons for such broadening are 
various and one of them is nonequivalent C=O sites of the molecule after interaction with Mg. 
The remaining π→π* shake-up satellites in the C1s spectra (see figure 6.7 (a)) shows that the 
organic compound preserves its aromatic structure. The C=O is thus the component involved 
in the interaction. The relative intensities of the perylene core components and of the C=O 
component are the same for all Mg thicknesses while the intensity of C1 is increasing as a 
function Mg coverage. 
A comprehensive interpretation of the changes observed in the C1s spectra can be 
obtained from the evolution the O1s, N1s and Mg2p core levels. As a short reminder, the O1s 
spectrum for bare PTCDI consists of one component stemming from the carboxylic group 
(O=C) and a higher binding energy component that stems again from a π→π* shake-up 
satellite.  
There is a noticeable change in the O1s peak shape after a deposition of 0.2 nm Mg, 
which is emphasized in figure 6.8. (a) by overlapping the two spectra. Considering this, a fit 
of the O1s spectra with three symmetric peaks e.g. the main peak (C=O), a high binding 
energy component (O2) and a low binding energy component (O1) was performed. The 
resulting deconvolution of the O1s emission spectra for several selected Mg thicknesses is 
illustrated in figure 6.8 (b). The relative positions of the new components (O1 and O2) were 
found to be identical for all Mg thicknesses. The component O1 was found to be at 530.4 eV. 
The nature of this feature indicating a lower oxidation state of the O1s atoms is not clear but 
may be attributed to some free Mg atoms situated close to the carbon atoms. The second 
component, labeled O2, was found to be at 532.2 eV. The origin of this peak will be assigned 
after discussing the evolution of the N1s core level emission. 
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Figure 6.8 (a) Changes in the O1s spectra upon 0.2 nm Mg deposition. The additional signal is shown 
by the gray region. (b) O1s core level spectra and contribution of the individual peaks to the overall 
intensities of the O1s, for the bare organic film and upon metal deposition. 
Figure 6.10 (a) shows the evolution of the N1s core level spectra for bare PTCDI and with 
different Mg coverages. After deposition of 0.2 nm Mg we observe strong changes in the N1s 
core level spectra compared to bare PTCDI. These changes include BE shifts towards higher 
values and the development of a new feature. The evolution of the N1s features can be 
followed in more detail in figure 6.10 (b) and will be discussed in parallel with the evolution of 
the O2 component presented in figure 6.9. 
The N1s core level emission shows a low binding energy component at 398.7eV, being 
chemically shifted by about 1.8 eV. At a first glance this corresponds to the chemical shift 
due to excess of electronic charge after reaction of Mg with PTCDI. Moreover, the intensities 
of the high and low binding energy components behave very differently as a function of Mg 
thickness, as demonstrated in figure 6.10 (b). The intensity of the new component 
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continuously increases until a nominal coverage of 3.2 nm is reached The high binding 
energy component behaves totally opposite, a decrease in intensity until 3.2 nm Mg is 
reached. Beyond3.2 nm the intensity of this component saturates rapidly. On the other hand, 
the intensity of the low binding energy component starts to decrease finally reaching a 
plateau above 10.2 nm Mg.  
On the other hand, the O1s core level develops a high binding component. The 0.7 eV 
chemical shift correspond to a withdrawal of negative charge from the oxygen. As the Mg 
coverage is increased the intensity, relative area and energy position of this component 
remains unchanged.  
The trends observed in the N1s spectra and the totally opposite one for the O1s 
spectra can be explained as follows. The imide group of PTCDI seems to be attacked by 
atomic magnesium giving rise to a Mg-PTCDI organo-metallic complex. Concomitant a 
charge build-up is realized on the perylene core. Finally, coordination of the Mg-imide group 
to the oxygen will diminish its acceptor abilities towards the carboxylic carbon, which 
accounts for the shift towards higher binding energy recorded in the O1s spectra. The 
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Figure 6.10 (a) N1s core level spectra and contribution of the individual peaks to the overall 
intensities of the N1s, for the bare organic film and upon metal deposition; (b) Evolution of fit 
parameters (FWHM, Intensity and Relative area) of the N1s core level components as a function of 
the Mg thickness. 
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geometric changes of the N concomitant with oxygen-Mg-imide bond formation give rise to 
the observed N1s binding energy shift. 
 The evolution of the Mg2p spectra as a 
function of Mg thickness is presented in figure 6.11 
while figure 6.12 summarizes the results of the fit. At 
low Mg coverage (0.2 nm) the intensity of the Mg2p 
signal can be fitted using three components: one 
strong component at 50.5 eV labeled Mg1 [XPS99], 
one component at 51.3 eV labelled Mg2 and the 
highest binding energy component at 51.85 eV 
labelled Mg3. The FWHM of these components is 
supposed to have the largest value for the lowest 
coverage because of a not well-defined environment 
at the reacted interface. As in the C1s and O1s case, 
for higher Mg coverages spectral features of Mg2p 
remain basically unchanged up to a nominal 
coverage of 33nm. At this thickness a slight 
decrease in the peak areas is observed with the 
appearance of metallic Mg. The increase in the total 
area of the Mg2p peak demonstrates that the overall 
concentration does increase, and thus the metal atoms diffuse into the film. Mg atoms 
accumulate at the surface only above 33nm coverage. The appearance of the new (reacted) 
components of the Mg2p shifted towards higher binding energy with respect to the metallic 
component clearly indicates a partial electronic charge transfer. The similar evolution of the 
O1s and C1s as a function of Mg coverage helps to make a clear assignment of the Mg2 and 
Mg3 , on one hand, and of C1 and O2 features, on the other hand. The dominant feature at 
51.3 eV (Mg2) is due to “oxidized” Mg .Therefore it may be attributed to the O-Mg-imide bond. 
The feature at 51.85 (Mg3), based on the electronegativity rule, may be attributed to free 
atoms situated near carbon atoms or even between molecular planes. 
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Figure 6.11 Mg2p core level spectra and 
contribution of the individual peaks to the 
overall intensities of the Mg2p upon metal 
deposition. 
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Figure 6.12 Evolution of fit parameters (FWHM, Intensity and Relative Area) of the Mg2p core level 
components as a function of the Mg thickness. 
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 Additional information on electronic properties at the Mg/PTCDI interface can be 
obtained from the evolution of valence band spectra taken after each metal deposition. 
Figure 6.13 shows the valence band spectra upon deposition of Mg on a 15 nm film of 
PTCDI. The bottom spectrum in this figure corresponds to bare PTCDI. The assignments of 
the valence bands of PTCDI can be found in chapter 4 and here the most important features 
are briefly reminded. The HOMO band (feature A) corresponds to a single molecular orbital 
distributed over the perylene core. The next band (feature B) is mainly attributed to the 
molecular orbitals derived from N2p and O2p. Upon deposition of Mg, the center and right 
hand panels clearly show the presence of filled states in the gap of the organic material 
(feature C) at about 0.7 eV above the HOMO and a new feature in the valence band at about 
6 eV (feature D) below the Fermi level. 
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 Figure 6.13 Evolution of valence band spectra of 15 nm PTCDI upon Mg deposition.  
 The relative intensities of these filled states remain the same for all nominal 
thicknesses. Feature A shifts slightly towards higher binding energy while feature B and C do 
not change in binding energy. Both features are observed at thick Mg coverage. In 
connection with the core level spectra, the change in the features A and C is explained by 
the strong intermixing between Mg atoms and the organic features, resulting in charge 
transfer and formation of an organo-magnesium complex. The absence of densities of states 
at the Fermi level demonstrates that Mg does not accumulate at the surface of the organic 
film until the nominal coverage reaches several tenths of nanometers. The interface is 
therefore reacted and shows a large density of interface states.  
 
6.1.3 Mg/DiMe-PTCDI interfaces 
 
Figure 6.14 displays the C1s core level spectra for bare DiMe-PTCDI and with different 
Mg coverages. Again, the C1s core level components of the bare DiMe-PTCDI are in detail 
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described elsewhere (see chapter 4) and only briefly reminded here. It consists of three main 
components. The high binding energy component corresponds to the anhydride group while 
the low binding energy component corresponds to the perylene core. The small peak at 
286.2 eV is attributed to the C-N bond. The area ratio of these peaks is 8:4:8:2:4, when the 
shake-up areas are taken into account. 
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Figure 6.14  C1s core level spectra and contribution of the individual peaks to the overall intensities 
of the C1s, for the bare organic film and upon metal deposition. 
Together with the bare C1s core level, the peak fit analysis for three different Mg thicknesses 
is displayed in the same figure. During the fit the ratio of the peak area in the perylene core 
was constrained according to the perylene stoichiometry. 
Upon deposition of 0.2nm Mg the main change is a shift towards lower binding 
energies for all C1s components. The shifts are significantly different for the various atoms. 
Two processes or their combination can be responsible for the origin of these changes. 
Charge transfer from the metal to the molecule and change in the final state screening due to 
the metal presence. The components attributed to the perylene core and its shake-up 
satellites are shifted by ≈ 0.15 eV towards lower binding energies while the C=O component 
and its shake-up satellite is shifted by about 1 eV. From this we can conclude that a larger 
amount of charge is transferred from the metal to the carboxylic carbons compared with the 
perylene ones.  
For larger Mg coverages the spectral features are basically the same but with 
drastically different intensities and significant broadening. Unlike in the Mg/PTCDA case, no 
new components are evolving as a function of Mg coverage.  
Chapter 6. Metal/Organic Interfaces  - 88 - 
 
 
Additional information on the type of interaction can be gained from the shake-up 
satellites of the photoemission lines. The shake-up structure magnified in the right panel of 
figure 6.14 corresponds to the core ionized final states in which an e- from the valence band 
is promoted to an unoccupied level. Therefore it is linked to the convolution of occupied and 
unoccupied states. The broadening of these structures can be regarded as a bonding 
interaction between the organic molecules and the metal. For Mg/DiMe-PTCDI these 
features are rather sharp and thus a weak chemical interaction can be deduced. Moreover, 
the area ratio of the C peaks reflects the stoichiometry of the DiMe-PTCDI molecule for all 
Mg thicknesses. Therefore, one main finding from the C1s fit analysis is that the interaction of 
Mg with DiMe-PTCDI is rather weak and can be described by a charge transfer from the 
metal to the organic molecules mainly to the carboxylic carbon. 
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Figure 6.15 Evolution of the fit parameters (FWHM, Intensity and Relative Area) of the C1s core 
level as a function of the Mg thickness. 
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 Figure 6.16 (a) Changes in the O1s spectra upon 0.2 nm Mg deposition. The additional signal is 
shown by the gray region. (b) O1s core level spectra and contribution of the individual peaks to the 
overall intensities of the O1s, for the bare organic thin film and upon metal deposition. 
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Next we follow the evolution the O1s core level as a function of Mg thickness. As a 
short reminder, the O1s spectra for bare DiMe-PTCDI consist of one component stemming 
from the carboxylic group (O=C) and a higher binding energy component that stems again 
from a π→π* shake-up satellite. Upon deposition of 0.2 nm Mg, the changes are significant 
and emphasized in figure 6.16 (a) by overlapping the bare spectra with the one at 0.2 nm 
Mg. The O1s spectra were fitted with two symmetric peaks, namely a main peak and a high 
binding energy component was performed. This, however, did not lead to a reliable fit. The 
spectral shape was well reproduced only after introducing the third component at the low 
binding energy side of the main peak. The resulting deconvolution of the O1s emission 
spectra for several selected Mg thicknesses is illustrated in figure 6.16 (b).  
 The relative positions of the new components (labeled O1 and O2) were found to be 
identical for all Mg thicknesses. The component O1 was found to be at 530.45 eV, i.e. lower 
than for MgO by 0.45 eV therefore this peak can not be attributed to the formation of MgO. 
The nature of this feature that should indicate a lower oxidation of O1s atoms is not clear. Like 
for PTCDI, the explanation could be the presence of free Mg atoms that are located close to 
oxygen and/or carbon atoms. The second component, labeled O2, was found to be at 532.75 
eV. Similar values were reported for MgCO3 (532.9 eV) and Mg(OH)2 (532 eV) [XPS99], 
therefore we can probably assign this component to Mg atoms situated near oxygen and the 
methyl group. The shift of about 0.2 eV towards higher binding energies of the main peak is 
in complete analogy with the observations in the C1s core level emission spectra. The 
electron charge transfer from the metal to the carboxylic carbon will induce a deficit of 
electrons at the O atoms leading to an increase in binding energy.  
However, the intensity of the high, main and low binding energy components behaves 
very similar as a function of Mg thickness as shown in figure 6.17. They are continuously 
increasing until a nominal coverage of 1.6 nm. For larger thicknesses the intensity of all 
components starts to decrease, consistent with the appearance of metallic Mg in the Mg2p 
core level emission spectra. In contrast, the FWHM and Relative Area of these components 
are not changing for all Mg thicknesses. This implies that the chemical environment of the 
O1s species does not change significantly as the Mg coverage is increased.  
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 Figure 6.17 Evolution of the fit parameters (FWHM, Intensity and Relative Area) of the O1s core level 
as a function of the Mg thickness. 
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The next issue to be discussed is the Mg2p peak shape and its evolution as a function 
of Mg coverage. Figure 6.18 describes the evolution of the Mg2p signal after decomposition 
into several components. The Mg2p core level spectra shown in figure 6.18 (a) are initially 
dominated by a high binding energy component at 51.40 eV, labelled Mg2. Its intensity is 
followed by the highest binding energy component labelled Mg3 possible due to Mg(OH)2 
and/or MgCO3 [Bri93] and by one component at 50.55 eV labeled Mg1 and attributed to 
Mgionic. The FWHM of these components is supposed to have the largest value for the lowest 
coverage and decreases as the metal thickness is increased. However, all the peak 
intensities increase with Mg deposition until a nominal coverage of 3.35 nm Mg is reached. 
Beyond 3.35 nm Mg the intensity of the high binding energy component saturates rapidly, 
growing only slightly upon further Mg deposition. At about the same thickness a low binding 
energy component starts to evolve. As the coverage increases its intensity continues to grow, 
finally surpassing the high binding energy component in intensity at 15 nm coverage. This 
low binding energy component is assigned to metallic Mg species (49.75 eV).  
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Figure 6.18 (a) Mg2p core level spectra and contribution of the individual peaks to the overall 
intensities of the Mg2p upon metal deposition. (b) Evolution of the fit parameters (FWHM, Intensity, 
Relative Area) of the Mg2p core level components as a function of the Mg thickness. 
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From the persistence of the C1s, O1s (O=C) peak as well as of the oxidized Mg up to a 
coverage of at least 3.35 nm, a charge transfer from Mg to the organic molecules is 
recognized. Above 3.35 nm Mg atoms start to gain a metallic character. Therefore, we can 
say that they form small clusters on the surface of the film. Since there is no sign of a Fermi 
edge in the UPS spectra even after depositing 9 nm of Mg (see figure 6.19) it is reasonable 
to assume that these small clusters diffuse deeper into the organic film. 
To further investigate the evolution of the Mg/DiMe-PTCDI interface and its electronic 
properties we recorded valence band spectra after each Mg deposition. Figure 6.19 shows 
the valence band spectra upon deposition of Mg on a 15 nm film of DiMe-PTCDI. The bottom 
spectrum in this figure corresponds to bare DiMe-PTCDI. Assignments of the valence bands 
of DiMe-PTCDI can be found in chapter 4 and are briefly repeated here. The HOMO band 
(feature A) corresponds to a single molecular orbital distributed over the perylene core. The 
next band (feature B) is mainly attributed to the molecular orbitals derived from N2p and O2p. 
Upon deposition of Mg, the center and right hand panels clearly show the presence of a filled 
state in the gap of the organic (feature C) at about 1.2 eV above the HOMO and a new 
feature in the valence band at about 6 eV below the Fermi level. The relative intensities of 
these states basically remain the same for all Mg thicknesses. 
Moreover the characteristic line shapes of the bulk seem to be significantly 
broadened and hardly distinguishable. The nature of the feature in the band gap is attributed 
to the charge transfer from the metal to the organic molecule, in good agreement with the 
observation of the C1s core level emission spectra. The appearance of the new feature D, 
however, at about 6 eV is related with the presence of the oxidized state in the Mg2p spectra 
and with the shift towards higher binding energies of the O1s core level.  
 
Figure 6.19 Evolution of valence band spectra of 15 nm DiMe-PTCDI upon Mg deposition. 
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The evolution of the ionization energy and work function is shown in figure 6.20 as a 
function of Mg thickness. An interesting point to mention before discussing the evolution of 
work function as a function of coverage is the origin of changes in φ and IE after metal 
coverage. As observed at low metal coverages the metal atoms diffuse into the underlying 
organic film and some metal clusters are formed. These metal atoms can influence the 
electronic properties of the organic films in two ways. First, in the presence of any charge 
transfer, whether or not accompanied by the formation of covalent bonds, the energy levels 
of the organic film close to the surface will change according to the amount of charge 
transferred to the molecules. Second, even if there is no charge transfer, metal atoms 
between organic molecules in the film can disturb the crystalline structure of the organic layer 
and, consequently, change the polarization energy which is defined as the energy difference 
of IE (EA) between the isolated molecules and the film. This effect can also lead to a change 
in the energy levels. 
 Before the deposition of Mg the IE and φ 
values for bare DiMe-PTCDI are (6.6± 0.07) 
eV and (4.6 ± 0.07) eV, respectively. After 
the first deposition of Mg both physical 
quantities show a gradual decrease 
reaching a final value of (3.9 ± 0.07) eV. The 
latter value is close to the value 
corresponding to metallic Mg [PHYS]. 
Moreover, at a thickness of 15 nm, the 
Fermi edge is clearly observed indicating 
accumulation of metal clusters at the surface 
of the organic film. The plateau observed in φ  is a clear indication that the organic film is not 
disturbed upon Mg deposition.  
In conclusion, changes are observed in the C1s, O1s and Mg2p core level emission 
spectra of DiMe-PTCDI upon deposition of Mg spectra indicating a less reactive nature of 
this interface. The findings are related with a strong charge transfer from the metal to the 
molecule mainly distributed on the carboxylic carbon and with a lesser degree to the 
perylene core. Unlike Mg/PTCDA, the existence of the methyl group as a side group reduces 
the chemical reactivity at this interface but increases the degree of metal diffusion into the 
organic film.  
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and of the work function as a function of Mg 
thickness. 
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6.2 NEXAFS on Mg/Organic interfaces 
 
A technique used to probe local bonds is Near-Edge X-ray Absorption Spectroscopy 
(NEXAFS). NEXAFS resonances are usually more affected than XPS peaks by a 
metallization process or by substrate bonding [Gad88]. Due to interaction with metal atoms 
the molecular orbitals are strongly modified and the identification of the molecular subunits 
involved in the chemical interaction is more straightforward. 
In the following NEXAFS data are presented for the three perylene systems on S-
GaAs and in comparison with different Mg thicknesses. The results are shown in figure 6.21 
for the C K-edge of PTCDA, PTCDI and DiMe-PTCDI, in figure 6.22 (a) for the O K-edge of 
PTCDA and in figure 6.22 (b) for the N K-edge of PTCDI. The large number of resonances in 
the C K-edge spectra indicate the existence of various, rather independent, π* orbitals with 
different energies and different spatial distribution. An interpretation of the spectral features 
may be given by comparison with NEXAFS data on NTCDA [Schö04], ANQ [Schö2-04] and 
based on calculations of naphthalene [Min04]. Schöll et al. explained the experimental 
spectrum of 1,4,5,8,-napthalene-tetracarboxylic dianhydride (NTCDA) by various 
contributions of electronic transitions from C1s initial states of the four chemically different 
carbon atoms into the lowest unoccupied molecular orbitals (LUMO÷LUMO+4). The 
assignment of the different electronic transitions to the observed resonances is indicated by 
lines, for the C K-edge (bottom of figure 6.21). The first peak at about 284.05 eV corresponds 
to electronic transitions of C-H and C=C=O 1s initial states into LUMO. The next feature 
between 285.5 eV and 286 eV is attributed to electronic transitions from C=C and C-H 1s 
orbitals into LUMO+1. The shoulder at 286.25 eV corresponds to electronic transitions from 
the C=C=O 1s initial state into LUMO+1, therefore the main feature can clearly be attributed 
to LUMO+1. Transitions involving the carboxylic C atoms contribute in the C K-edge at 288 
eV (LUMO) and 288.9 eV (LUMO+1). It should be noted that the position and intensity of 
C=O is slightly different, in PTCDI and DiMe-PTCDI, from those of PTCDA due to different 
contributions of anhydride groups and imide groups attached to the C atoms in the carboxylic 
group. This transition, present at 287.6 eV, labelled *C-Nπ , corresponds to the transition of 
C1s bonded to carboxylic oxygen and to the imide group into LUMO. The lower energy 
position of this electronic transition can be understood by considering higher electronegativity 
of O than that of N. 
The corresponding O and N K-edge spectra displayed in figure 6.22 for PTCDA and 
PTCDI, respectively, consist of fewer structures and their assignment can be followed 
directly from the figure. The O K-edge spectra of PTCDA consist of two π* resonances at 529 
eV and 532.6 eV and two broader σ* resonances at higher binding energy. The first π* 
resonance is attributed to excitations of the carboxylic O1s core level into LUMO, while the 
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second resonance is attributed to excitations of anhydride O1s core levels into LUMO+1 
[Scö2-04]. The N K-edge spectra of PTCDI (same for DiMe-PTCDI) consist of a single π* 
resonance and one single σ* resonance. These features are attributed to excitations from the 
N1s core level into the LUMO and above the vacuum level, respectively.  
The NEXAFS resonances show remarkable changes of their fine structure upon Mg 
deposition. These changes indicate a considerable modification in the electronic structure 
and layer geometry. They also prove the high sensitivity of this technique to such 
modifications.  
Upon deposition of 0.2 nm Mg all π* resonance features change dramatically, relative 
to that of the bare thick film. Changes in the spectra are apparent, the spectra become quite 
different from molecule to molecule but common for all is the decrease in intensities.  
The most dramatic change is observed in the feature at 285.5 eV, corresponding to 
transitions of the perylene core carbon into LUMO +1. We relate these changes with a 
charge transfer from the metal to the perylene core, in very good agreement with the results 
from C1s and O1s core level spectra discussed above. Additional insight about the amount of 
charge transfer and molecular subunits involved can be gained by analysing the shifts 
present in the LUMO feature of each perylene. It can be seen that in PTCDA, DiMe-PTCDI 
and PTCDI, this feature broadens and has a shift towards higher excitation energy of about 
+0.1 eV. The core level fit result showed that the C1s changes in the same way, i.e. shifts 
towards lower binding energies. Together with the observation on LUMO+1 we can imply that 
the charge transfer is stronger into LUMO than LUMO+1.  
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 Figure 6.21 NEXAFS C K-edge of PTCDA, PTCDI and DiMe-PTCDI as a function of Mg coverage.   
Bottom: assignment of π* resonance features. 
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Since NEXAFS results are always combined with the core level results I wish to 
emphasize that there are significant differences in absorption energies and photoemission 
energies of a final state. This is due to quite different final states when using these two 
spectroscopies. Photoemission leaves an ionized final state with a localized final state. The 
binding energy depends on the image screening conditions of the core-hole. On the other 
hand, in NEXAFS the final state is close to a neutral excited state and the excitation into 
localized final states is independent of any screening conditions. Unlike core level spectra, in 
which the peak shift towards lower binding energies by amounts to about 0.5 eV in the C1s of 
PTCDA upon Mg deposition, the NEXAFS features are only slightly shifted or even not at all. 
Upon increasing the Mg coverage, the transitions to π* orbitals are strongly influenced 
by the metal. The LUMO and LUMO+1 features are broadened and strongly decreased in 
intensity. Moreover, unlike the other two molecules, upon deposition of 0.8 nm Mg the 
transition corresponding to the C=C=O core level of PTCDA into LUMO shifts towards higher 
photon energy. A reasonable explanation is that in the Mg-PTCDA case the anhydride 
oxygens are involved in a strong chemical reaction with new bonds forming. As a result of 
this reaction a new molecule with different properties than PTCDA is formed. The C1s core 
level showed that the C=O of the new molecule has a lower binding energy than the one of 
the pristine molecule. These molecular changes will have a direct influence onto the carbon 
atoms involved in the C=C=O bond, i.e charge redistribution, leading to the observed shift in 
NEXAFS. Moreover, the functional-group specific character of NEXAFS (LUMOC=O) are 
strongly attenuated.  
The degree of interaction is also observed in the O K-edge spectra of PTCDA 
displayed in figure 6.22 (a). As a function of metal coverage, the π* resonances are 
broadened and strongly decreased in intensity, at the expense of the σ* resonances. It is 
worthwhile to note that a modification in the molecular structure of PTCDA with a removal of 
(a) (b) 
 Figure 6.22 (a) NEXAFS O K-edge of PTCDA and (b) N K-edge of PTCDI as a function of Mg 
coverage. Assignments are sketched in each figure.  
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the anhydride oxygens would lead to the formation of new structures at higher photon 
energies, in the region of σ* resonances. Moreover, since the probability of the reaction of 
Mg with PTCDA molecules at the surface is higher than that with deeper lying molecules, an 
increase in intensity of σ* resonance is expected. This increase may be observed until the 
Mg thickness is close to the electron escape depth (~ 5nm). However, spectra with 
thicknesses above 1.6 nm Mg cannot be presented due to difficulties in normalization  
Strong molecular modifications are observed also in PTCDI. These are revealed by 
the N K-edge presented in figure 6.22 (b). These modifications were first pointed out by the 
core level changes as a function of Mg coverage. In the PES spectra these changes were 
manifested, at the initial stages, by appearance of a new peak at lower binding energy in the 
N1s spectra. As the thickness of Mg was increased the intensity of the new peak increased at 
the expense of the one at higher binding energies. This increase was suggested to occur via 
electron transfer, i.e. negative charge build-up on the perylene core. The electron transfer 
along with coordination of the Mg atom with the carboxylic oxygen and N, followed by some 
rehybridization of N from sp2 to sp3 results in a lowering of the binding energy and the 
presence of the new π* feature in N K-edge spectra. At 3.2 nm Mg, the intensity of the new 
π* peak has an intensity comparable with the original π* resonance feature. Since the escape 
depth of electrons at a kinetic energy of ~10 eV is equal to 5nm, the intensity of the new peak 
is expected to increase. Moreover, a shift towards higher binding energies of the *C Nσ −  
feature suggests an increase in the bond length, suggesting again that the coordination 
number of N is changed. A corresponding new π* resonance is expected to be present also 
in the C K-edge. However, the shift towards lower excitation energy between this new 
component and the original is expected to be smaller since the unoccupied states of the 
carbon have a larger spatial extension. On the other hand, the imide group character in the C 
K-edge, *C Nπ − , is practically unmodified but slightly broadened. Therefore, the broadening 
may be explained as a convolution between the new state and the original *C Nπ −  state.  
Common for PTCDA and PTCDI is that all the features in the C K-edge for 
thicknesses above 0.8 nm of Mg become very broad and in some cases undistinguishable. 
Unlike PTCDA and PTCDI, the LUMO and LUMO+1 resonance features for DiMe-PTCDI are 
quiet well resolved even at thicknesses larger than 9 nm Mg. There are different possible 
reasons for the change in the π* structures. These can be attributed to disruption in the 
molecular film or of the molecular structure due to Mg presence and / or formation of Mg 
clusters. The pronounced changes in the line shape in the C K-edge of PTCDA and PTCDI 
at very low thicknesses indicate that the molecular disruption is stronger in these two cases 
compared to DiMe-PTCDI. Together with the observations made at very thin coverages of 
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Mg, we can conclude that these changes are mainly related to a change in the molecular 
structure due to reaction of Mg with the organic film. 
The situation for DiMe-PTCDI is completely different. The preservation of features 
may suggest a low degree of film disruption. This may indicate no reaction or no diffusion of 
the Mg into the molecular film. However, the PES valence band measurements showed that 
density of states at the Fermi level are present for thicknesses larger than 15 nm. Therefore 
diffusion of Mg into DiMe-PTCDI is quite strong but the degree of film disruption very weak. 
 
6.3 Summary: Mg/Perylene derivative interfaces 
 
In the O1s and Mg2p core level emission spectra of PTCDA new features attributed to 
MgO are observed. These findings indicate a strong chemical interaction between Mg and 
the single bonded oxygen atoms (side groups) of PTCDA. This interaction leads to the 
formation of MgO and a modified organic molecule with different properties than PTCDA. In 
the PTCDI case Mg affects again the side group of the molecule (imide group). The new 
components arising in the C1s, O1s, N1s and Mg2p core level emission spectra of PTCDI 
indicate that Mg is likely to be involved in “bridging” the carboxylic oxygen with the nitrogen 
atom. Consequently, the most affected parts by the reaction are the molecular end groups of 
these two organic molecules. However, the main differences are that the oxidation (MgO 
formation) prevents diffusion of Mg into the organic film. Strong metallic Mg components are 
observed beyond 1.6 nm Mg coverage on PTCDA while for PTCDI the metallic component 
only appears at thicknesses larger than 33 nm. On the other hand, the less dramatic 
changes observed in the C1s, O1s , N1s and Mg2p core level emission spectra upon Mg 
deposition onto DiMe-PTCDI indicates a less reactive nature of this interface compared to 
the first two interfaces. This can be easily related with the molecular structure of DiMe-
PTCDI. Existence of a methyl group as a side group controls the chemical reactivity of this 
interface.  
ª  The molecular and structural changes are conducted by a charge transfer from the metal 
to the organic film. Such an electronic interaction reflects the partial occupancy of the 
LUMO and LUMO+1, with the formation of gap states. The charges are mainly 
redistributed over the carboxylic carbon and to a lesser extend over the perylene core, as 
revealed by NEXAFS and corroborated by PES.  
ª The evolution of valence band structures provides additional information about the 
degree of diffusion of Mg into the organic film.  
ª  The energy level alignment between Mg/organic/S-GaAs was established and is 
presented in figure 6.23.  
Chapter 6. Metal/Organic Interfaces  - 98 - 
 
 
 
(a)  
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(c) 
Figure 6.23 (a) The energy level alignment at the Mg/PTCDA/S-GaAs, (b) Mg/PTCDI/S-Gas(001), 
and (c) Mg/DiMe-PTCDI/S-GaAs interfaces. 
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6.4 Photoemission spectroscopies of In/Organic interfaces 
 
6.4.1 In/PTCDA interface 
 
Figure 6.24 presents the evolution of the C1s core level spectra for bare PTCDA and 
with different In coverages. The peak analysis procedure is the same as in the Mg/organic 
case.  
292 290 288 286 284 282
1.6 nm
bare
0.2 nm
 
13 nm
  
C1s
 
 
  
20
 c
ps
/m
A
 Binding energy / eV
 
 
 In
te
ns
ity
 / 
cp
s/
m
A
 
  
C-H
C1
C2C=O
 
 
 
 
(a) 
293 292 291 290 289 288 287 286
π−π∗C=C
C=O
 
  
2 
cp
s/
m
A
13 nm
π−π∗C=O
 
 
  
C2
1.6 nm
 Binding energy / eV
 
 In
te
ns
ity
 / 
cp
s/
m
A
(b) 
 
 
0.2 0.4 1.6 3.2 6.4 13
0.65
0.70
0.75
0.80
0.85
0.90
0.95
bare
 C-C
 C=O
 C-H
 C-C=O
 
FW
H
M
 / 
eV
0.2 0.4 1.6 3.2 6.4 13
0
3
6
9
12
15
18
21
24
27
bare
 C-H
 C-C=O
 C-C
 C=O
 
In
te
ns
ity
 / 
cp
s/
m
A
0.2 0.4 1.6 3.2 6.4 13
4
8
12
16
20
24
28
32
bare
 C-C
 C=O
 C-H
 C-C=O
 
R
el
.A
re
a 
/ %
Thickness / nm
FW
H
M
 / 
eV
In
te
ns
ity
 / 
cp
s/
m
A
R
el
.A
re
a 
/ %
 
 
 
(c) 
Figure 6.24 (a) C1s core level spectra and contribution of the individual peaks to the overall 
intensities of the C1s, for the bare organic film and upon In deposition. (b) The shake-up structures 
and C=O contribution magnified in the high binding region, (c) Evolution of fit parameters (FWHM, 
Intensity and Relative Area) of the C1s core level as a function of the In thickness.  
 
Chapter 6. Metal/Organic Interfaces  - 100 - 
 
 
For all In thicknesses, we observe strong changes in the C1s spectra as compared to the 
bare PTCDA. These changes include binding energy shifts which are significantly different 
for the various atoms and the presence of new features. In figure 6.24 (c) the evolution of the 
parameters (i.e. FWHM, Intensity and Relative Area) resulting from the peak fitting analysis 
is presented. 
Upon deposition of 0.2 nm In all components of the C1s core level are significantly 
decreased in intensity and broadened. A larger broadening, however, and a stronger 
decrease is observed for the high binding energy component, indicating that the carboxylic 
carbon is involved in the interaction of In with PTCDA. Moreover, two new components at 
285.55 eV (C1) and 287.45 eV (C2) evolve on the low binding energy site of this peak. These 
new components are present in the spectrum up to thicknesses larger than 13 nm and a 
tentative assignment will be given later.  
 
Figure 6.25 Evolution of the fit parameters (FWHM, Intensity, and Relative Area) for the new 
component of the C1s core level as a function of In coverage. 
After an initial decrease in intensity above an In coverage of 0.4 nm the intensity of 
the aromatic carbon slightly increases as a result of a redistribution of charges in the 
molecule. Moreover, the area ratio of the C peaks in the perylene core remains constant for 
all In thicknesses. The preservation of π→π* shake-up satellites in the C1s spectra (see figure 
6.24 (b)) shows that the organic compound retains its aromatic structure. Furthermore, since 
the broadening of these structures defines the strength of interaction between the organic 
molecule and the metal, a weak chemical interaction can be deduced.  
Another change observed is a shift in binding energies for all C1s components. The 
shift is 0.4 eV towards lower binding energies for the perylene components and 0.2 eV 
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towards higher binding energies for C=O component. The process responsible for this 
change is charge transfer from the metal to the molecule. The charge is likely to be 
transferred from the metal to the perylene core. At the same time this will induce a deficit of 
electrons in the C=O component leading to an increase in binding energy. For thicknesses 
larger than 0.8 nm all the components except the C=O one are observed to shift towards 
lower binding energies.  
In figure 6.26 (a) O1s core level emission spectra as a function of In coverage are 
presented. The gradual shifts in the O1s spectra are in complete analogy with what we 
observed in the C1s spectra. The shift at 1.6 nm is concomitant with metallic In formation in 
the In4d core level emission spectra. Therefore, the shift of 0.2 eV for C1s and O1s core levels 
can be regarded as a change in the final state screening due to the presence of the metal.  
The fit parameters of the O1s and In4d spectra as a function of In thickness are presented in 
figure 6.27. At an In coverage of 0.2 nm the intensity of the O1s components decreases 
significantly compared to those of bare PTCDA. The O=C component of the O1s signal is 
significantly broadened. The fitting procedure shows that under this peak we can introduce 
two components: one component attributed to the original O=C and one component derived 
after the interaction of the organic molecule with In. The FWHM of the new component is 
supposed to have the largest value for the lowest coverage because of a not well-defined 
environment at the reacted interface. Note that as a function of coverage the intensities of 
the three components change and the intensity ratio approaches 1:1 at a nominal thickness 
of 1.6 nm. This indicates that the C=O bond is in two different chemical environments, i.e. the 
degeneracy of the C=O component is lifted. As the In coverage increases the C-O-C peak 
 
Figure 6.26 O1s core level spectra and contribution of the individual peaks to the overall intensities 
of the O1s, for the bare organic film and upon metal deposition. 
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and the new C=O peak decrease in intensity with the same rate, in good agreement with the 
intensity increase of metallic indium in the core level spectra of In4d (see figure 6.28 (a)). 
Figure 6.28 shows the evolution of various components of the In4d spectra as a 
function of In coverage.  
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Figure 6.28 (a)  In4d core level spectra and contribution of the individual peaks to the overall 
intensities of the In4d upon metal deposition. (b) Evolution of the fit parameters (FWHM, Intensity, 
and Relative Area) of the In4d core level components as a function of the In thickness. 
During the fitting procedure, the spin-orbit splitting was kept fixed at 0.86 eV, and the 
branching ratio was 0.65. The energy positions of all components were allowed to vary. For a 
reliable fit, the same initial parameters were used for all the thicknesses. At low coverage 
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Figure 6.27 Evolution of the fit parameters (FWHM, Intensity, and Relative Area) of the O1s core 
level as a function of the In thickness for original and new components. 
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three new components are observed at a higher binding energy than that of metallic In 
[XPS99]. These components dominate the In core level spectra up to about 13 nm when the 
metallic component is surpassing the high binding energy ones. Below this coverage all 
components are increasing in intensity. At a thickness of 1.6 nm the metallic component 
emerges. Its FWHM is substantially narrower than the high binding energy components and 
has an asymmetric line shape (asymmetry parameter = 0.2) indicating emission from a 
metallic phase.  
The high binding energy components are due to isolated In atoms physisorbed on the 
organic surface: on top of the perylene core and near the carboxylic oxygen. The widths 
reflect a broad distribution of inequivalent absorption site. This assignment is supported by 
the following observations: first, the energy separation between the high binding energy 
components and the metallic one are: (1.6 ±0.05) eV for In1, (2.1±0.05) eV for In2 and 
(3.8±0.05) eV for In3. These values are much higher than the energy difference of 1.1 eV 
between covalently bonded In and metallic In [Tan97]. Secondly, the intensity of metallic In 
increases significantly above 1.6 nm indicating the formation of In clusters. Examination of 
the coverage dependence of the core electron photoemission intensity and binding energy 
for simple, noble metals and transition metal clusters on amorphous carbon has shown that 
very small atom clusters, containing less than 30 atoms are not fully metallic and the final 
state core-holes are screened by polarization of the neighboring atoms. Consequently, the 
binding energy depends only weakly on the cluster size [Wer88]. In larger metallic clusters, 
conduction electrons screen the hole, with the missing charge appearing at the surface of the 
clusters. In this regime, the core electron binding energy shifts to lower values in binding 
energy with increasing cluster size. The variation in binding energy of the In4d components 
after 1.6 nm In, falls in the latter regime. Another interesting point to mention is that the Fermi 
level of the cluster “moves” towards larger binding energy with decreasing cluster size, as 
was previously found for Au cluster formation on amorphous carbon [Wer86]. This is easily 
understood if one assumes that the emitted photoelectron is not quickly replaced, so that the 
cluster is left with a unit positive charge in the photoemission final state. Since this final-state 
charge occurs whenever a photoelectron is emitted, the entire spectrum appears shifted to 
higher binding energies.   
The changes observed in the core level emission spectra of C1s, O1s and In4d lead to 
the following conclusions. At the initial stages, In coordinates weakly with the oxygen from 
carboxylic carbon and adsorbs on the perylene core. This leads to the formation of a weak 
bond between In and two of the carboxylic oxygens. This explains the lifting of degeneracy of 
the C=O component in O1s with the appearance of the C2 component in the C1s core level 
spectra. In addition, In4d core level spectra present high oxidation states (In1 and In2). These 
components are related with different adsorption sites of In and are linked to the new 
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components observed in core levels of C1s and O1s. The evolution in intensity and FWHM of 
these components as a function of In thickness is presented in figure 6.25 for C1 and figure 
6.27 for O1. Their assignment is the following. The In1 component is assigned to the free In 
atoms weakly bonded to O=C, while In2 is attributed to In situated near carbons in the 
perylene core or in between the molecular planes. Since their evolution in intensity as a 
function of In thickness is quite the same the criterion used for giving a clear assignment is 
the FWHM evolution as a function of In thickness. It is observed that the FWHM of In1 is 
smaller than that of In2 as a consequence of a good homogeneous environment. Moreover, 
the FWHM of O1 is fast decreasing as a function of In thickness, much faster than the FWHM 
of C1. Therefore, In1 is obviously linked to O1. 
The presence of C1s and O1s core levels at thicknesses larger than 13 nm and the 
absence of density of states at the Fermi level (see figure 6.29) demonstrate that In diffuses 
into the organic film. It is reasonable to assume that at the initial stages (up to 1.6 nm) In 
atoms form small clusters on the surface and diffuse into the organic film. Above 1.6 nm the 
diffusion continues even if the cluster size may grow.  
 
Figure 6.29 Evolution of the valence band spectra of 15 nm PTCDA upon In deposition. 
Additional information regarding the electronic properties of the In/PTCDA interface 
and evidence of In diffusion during the growth is provided by the valence band spectra 
displayed in figure 6.29. The bottom spectrum in this figure corresponds to bare PTCDA. 
Assignments of the valence bands can be found in chapter 4 and are briefly resumed here. 
The HOMO band (feature A) corresponds to a single molecular orbital distributed over the 
perylene core. The next band (feature B) is attributed to the O2p derived molecular orbitals. 
Upon deposition of 0.2 nm In the centre and right hand panels clearly show the presence of 
filled states in the gap of the organic (feature C) at about 1.2 eV above the HOMO, if the shift 
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of 0.6 eV towards lower binding energies is taken into consideration. Moreover, bulk-like 
PTCDA molecular features are preserved and molecular level separations remain constant 
as a function of metal thickness. These observations are consistent with the fact that In will 
induce an electron transfer from the metal to the lowest unoccupied molecular orbital and 
consequently a reconformation of the molecule but not a strong chemical interaction with 
PTCDA. Above 1.6 nm a shift of 0.25 eV in the C1s core level is observed and attributed to 
the increase of the cluster size thus improving the core–hole screening. Even if the In 
thickness is increased the clusters size is small enough to diffuse into the organic film and 
not to coalesce such that states at the Fermi could be observed. 
 
6.4.2 In/PTCDI interface 
 
Figure 6.30 presents the evolution of the C1s core level spectra for bare PTCDI and with 
different In coverages. The peak analysis procedure is the same as for In/PTCDA. 
When 0.2nm In is deposited all components of the C1s core level are slightly broadened 
and significantly decreased in intensity. Unlike In on PTCDA the broadening is practically 
constant when the In coverage increases. This is the first indication that the chemical 
environment is not disturbed upon deposition. However, two new components at 285.5 eV 
(C1) and 286.8 eV (C2) evolve on the low binding energy site of the C=O peak. These new 
components dominate the spectrum up to thicknesses larger than 6.4 nm. A tentative 
assignment will be given later and their evolution as a function of In thickness is presented in 
figure 6.31. After an initial decrease in intensity above an In coverage of 0.4 nm the intensity 
of the aromatic carbon slightly increases as a result of a redistribution of charges in the 
molecule. Moreover, the π→π* shake-up satellites in the C1s spectra (see figure 6.30 (b)) 
show that the organic compound retains its aromatic structure.  
A shift towards lower binding energies is again recognized and amounts to 0.6 eV for 
the perylene components and 0.5 eV towards higher binding energies for the C=O 
component. The process responsible for the origin of these changes is, again, charge 
transfer from the metal to the perylene core. From the comparison with In/PTCDA, the 
amount of charge is slightly larger in the present case. This is supported by the following 
observation. The shift towards lower binding energies is larger by 0.2 eV. At the same time 
this will induce a higher deficit of electrons in the C=O component leading to a larger 
increase in binding energy. This shift is in fact present and is larger than for PTCDA by 0.3 
eV.  
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Figure 6.30 (a) C1s core level spectra and contribution of the individual peaks to the overall 
intensities of the C1s, for the bare organic film and upon In deposition. (b) The shake-up structures 
and C=O contribution magnified in the high binding region. (c) Evolution of fit parameters (FWHM, 
Intensity, and Relative Area) of the C1s core level as a function of the In thickness. 
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Figure 6.31 Evolution of the fit parameters (FWHM, Intensity and Relative Area) for the new 
component of the C1s core level as a function of In coverage. 
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The evolution of the O1s and N1s spectra as a function of In thickness is presented in 
figures 6.32 (a) and (b), respectively. The results of the fit are summarized in figure 6.33(a) 
for the O1s core level and in figure 6.33 (b) for the N1s core level.  
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Figure 6.32 (a) O1s core level and contribution of the individual peaks to the overall intensities of the 
O1s core level and (b) N1s core level and contribution of the individual peaks to the overall intensities 
of N1s core level for bare organic and upon In deposition. 
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Figure 6.33 (a) Evolution of fit parameters (FWHM, Intensity, and Relative Area) of the O1s core 
level and (b) N1s core level as a function of In thickness for original and new components. 
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After 0.2 nm In, the O1s peak becomes asymmetric on the high binding energy side. A 
fit of the O1s spectra with two symmetric peaks: the main peak (C=O) and a high binding 
energy component (O2) was performed. The result of the deconvolution of the O1s core level 
emission spectra is illustrated in figure 6.32 (a). Moreover, the O=C component shifts 
towards lower binding energies by about 0.2 eV, contrary to our expectations. However, its 
intensity is continuously decreasing and behaves similar to the main component in the N1s 
core level. In contrast to O1s, a new feature at low binding energy develops for N1s.  
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Figure 6.34 (a) In4d core level and contribution of the individual peaks to the overall intensities of the 
In4d upon metal deposition. (b) Evolution of the fit parameters (FWHM, Intensity, Relative Area) of 
the In4d core level components as a function of the In thickness. 
Figure 6.34 shows the evolution of various components of the In4d spectra as a 
function of In coverage. At coverages below 0.4 nm, three new components are present. 
These components dominate the In core level spectra up to about 1.6 nm when the 
existence of a strong metallic component is observed. The energy separation between the 
high binding energy components and the metallic one are: 1.4 eV for In1, 2 eV for In2 and 3.7 
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eV for In3. Above 1.6 nm the intensity of the metallic In exponentially increases, which is a 
major difference compared to PTCDA. Therefore, one main finding from the In4d fit analysis is 
that the diffusion of In into the PTCDI film is much lower. Moreover, the low diffusion rate 
explains the continuous decrease in intensity of all the other core level emissions.  
A tentative interpretation of the changes observed in the core level emission spectra 
is at first given by pointing out the similarities between In/PTCDA and In/PTCDI. First the 
assignment of the In1 component, this can be is easily done since its binding energy is lower 
by 0.2 eV than the In1 component in the PTCDA case. This finding reveals that at the initial 
stages, In coordinates weakly with the nitrogen from the imide group. This also explains the 
appearance of the low binding energy component in the N1s core level spectra. In addition, 
In4d core level spectra reveal high oxidation states (In1 and In2). In addition, In4d core levels 
with high oxidation states can be ambiguously assigned to the C1 component in the C1s core 
level spectra. In adsorption on the perylene core cannot be particularly in this case excluded 
since a strong charge transfer between the molecule and metal was revealed. 
In addition, In4d core levels with high oxidation states can be unambiguously assigned 
to the C1 component in the C1s core level spectra. In adsorption on the perylene core cannot 
be definitely excluded in this case since a strong charge transfer between the molecule and 
metal was observed. 
A further interpretation of the evolution of the In/PTCDI interface and its electronic 
properties can be given from the evolution of the valence band as a function of In deposition 
presented in figure 6.35. 
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Figure 6.35 Evolution of the valence band spectra of 15 nm PTCDI upon In deposition. 
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States in the gap of the organic film are again observed following 0.2 nm In 
deposition. This is consistent with the fact that In will induce an electron transfer from the 
metal to the lowest unoccupied molecular orbital and consequently a reconformation of the 
molecule but not a chemical interaction This shift agrees well with the changes observed in 
the core levels. Above 3.2 nm In, occupied states are present at Fermi level suggesting a 
coalescence of the In clusters. 
 
6.4.3 In/DiMe-PTCDI interface 
 
Figure 6.36 presents the evolution of the C1s core level spectra for bare DiMe-PTCDI 
and with different In coverages.  
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Figure 6.36 (a) C1s core level and contribution of the individual peaks to the overall intensities of the 
C1s, for the bare organic material and upon In deposition. (b) The shake-up structures and C=O 
contribution magnified in the high binding region, (c) Evolution of the fit parameters (FWHM, 
Intensity and Relative Area) of the C1s core level as a function of the In thickness. 
(b)(a) 
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The peak analysis procedure is the same as for In/PTCDA and In/PTCDI. Moreover, the 
spectral changes are similar as well. All components of the C1s core level are slightly 
broadened and significantly decreased in intensity. However, unlike In on PTCDI the 
broadening is practically constant when the In coverage increases. A larger broadening and 
a stronger decrease is observed for the higher binding energy component. Moreover, two 
new components at 285.65 eV (C1) and 287 eV (C2) evolve on the low binding energy site of 
this peak. These new components are present in the spectrum up to thicknesses larger than 
6.4 nm and their evolution is presented in figure 6.37. 
Like for In/PTCDA, shifts in binding energies for all C1s components can be observed 
and are significantly different for the various atoms. The shifts amount to 0.4 eV towards 
lower binding energies for the perylene components, similar to the other two molecules, 0.3 
eV and 0.2 eV towards higher binding energies for the C-N and C=O component, 
respectively. The shifts are interpreted as charge transfer from the metal to the molecule. We 
note that the overall intensity of the C1s core level is not decreased after increasing the In 
thickness, in contrast to the In/PTCDI case. The charge transfer directed mainly to the 
perylene core will induce a deficit of electrons in the C-N and C=O components leading to an 
increase in their binding energy. For thicknesses larger than 1.6 nm all components except 
for C=O shift towards lower binding energies. As we learned from the previous cases, this 
shift is attributed to a change in the final state screening due to the metal presence and 
related to a different rate of In cluster formation. 
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Figure 6.37 Evolution of fit parameters (FWHM, Intensity and Relative Area) for the new 
component of the C1s core level as a function of In coverage. 
The evolution of the O1s and N1s spectra as a function of In thickness is presented in 
figures 6.38 (a) and figure 6.39 (a), respectively. The results of the fit are summarized in 
figure 6.38 (b) for the O1s core level and in figure 6.39 (b) for the N1s core level. The gradual 
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shifts in the O1s and N1s spectra from figure 6.38 (a) and 6.39 (a) are in excellent agreement 
with the changes observed in the C1s core level spectra. 
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Figure 6.38 (a) O1s core level and contribution of the individual peaks to the overall intensities of the 
O1s, for the bare organic material and In deposition. (b) Evolution of the fit parameters (FWHM, 
Intensity and Relative Area) of the O1s core level as a function of the In thickness for original and 
new components. 
As more In is deposited no further changes are observed in the lineshape of the O1s 
and N1s core level spectra when comparing with the ones of bare DiMe-PTCDI. The 
intensities of both core levels are constantly decreasing as a function of In thickness.  
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Figure 6.39 (a) N1s core level and contribution of the individual peaks to the overall intensities of the 
N1s, for the bare organic material and In deposition. (b) Evolution of the fit parameters (FWHM, 
Intensity and Relative Area) of the N1s core level as a function of the In thickness for original and new 
components. 
Consequently, the changes in the lineshape of the C1s have to be correlated with the 
evolution of the In4d core level as a function of In coverage. 
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Figure 6.40 shows the evolution of various components of the In4d core level spectra 
as a function of In coverage. The fitting procedure is the same as in the In/PTCDI case. 
Three different components are encountered again. Their energy difference with respect to 
the metallic one is: (1.55 ± 0.05) eV for In1, (1.9 ± 0.05) eV for In2 and (3.9±0.05) eV for In3. 
These components are due to isolated In atoms physisorbed on the organic surface mainly 
on top of the perylene core. Above this thickness the metallic component dominates the 
spectra. 
 A correlation between the changes in lineshape of the C1s core level and In4d is not 
straightforward. We will use the information derived for In/PTCDA and In/PTCDI and 
compare the peak positions. The energy differences between high binding energy 
components and the metallic one are presented figure 6.41 and resumed in table 6.1. 
These components were attributed to In atoms adsorbed on different sites of the 
molecule. The trend observed is: the first component, In1, is attributed to In adsorbed on the 
functional group, anhydride and imide, respectively. In2 is attributed to the In atoms absorbed 
on the perylene core. In3 is a very weak component that does not vary significantly in 
intensity and can be attributed to additional shake-up losses of the photoemission lines. 
The changes observed in the C1s and In4d core levels are the results of: 
o In atoms absorbed near N-CH3 (methylimide group)-In1. Its energetic position is located 
between PTCDA1In  and 
PTCDI
1In , in very good agreement with the fact that EAAnhydride> 
EAmethylimide>EAimide. Moreover, its FWHM has the lowest value therefore its chemical 
environment is much better defined compared with the chemical environments of the 
other components. Similarly, the C1 component of the C1s core level develops into a 
homogeneous environment. For that reason this component is linked to the In1.  
o Adsorption of In atoms on the perylene core-In2 Its assignment is supported by the 
intensity evolution of the C2 component in the C1s core level.  
 In1 In2 In3 
PTCDA (1.6 ± 0.05) eV (2.1 ± 0.05) eV (3.8 ± 0.05) eV 
PTCDI (1.4 ± 0.05) eV (2 ± 0.05) eV (3.7 ± 0.05) eV 
DiMe-PTCDI (1.55 ± 0.05) eV (1.9 ± 0.05) eV (3.9 ± 0.05) eV 
Table 6.1 Energy difference between In1, In2 and In3 components and the metallic component at 
(16.85±0.05) eV.  
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Figure 6.40 (a) In4d core level and contribution of the individual peaks to the overall intensities of the 
In4d upon metal deposition. (b) Evolution of the fit parameters (FWHM, Intensity and Relative Area) 
of the In4d core level components as a function of the In thickness. 
As for In/PTCDA and In/PTCDI, the valence band structures of In/DiMe-PTCDI 
presented in figure 6.42 demonstrate the existence of gap states due to electron transfer 
from the metal to the lowest unoccupied molecular orbital  
The bulk-like DiMe-PTCDI molecular features are preserved and the molecular level 
separations remain constant as a function of metal thickness. At thicknesses above 13 nm, 
densities of states at the Fermi level are observed demonstrating that that In does start to 
accumulate at the surface of the organic film. 
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Figure 6.41 The individual components of In4d core level emission at a 
thickness of 3.2 nm In deposited on the three distinctive perylenes. 
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Figure 6.42 Evolution of the valence band spectra of 15 nm DiMe-PTCDI 
upon In deposition 
The major difference between the three interfaces, In/PTCDA, In/PTCDI and In/DiMe-
PTCDI is the degree to which the In atoms diffuses into the organic films. The lowest 
diffusion was observed for In/PTCDI while the highest is observed for In/PTCDA.  
Moreover, the energy level alignment between In/organic/S-GaAs was established 
and is presented in figure 6.44. The energy level corresponding to the organic material were 
obtained from the VB spectrum of the 15 nm film deposited onto sulphur passivated 
GaAs(100). The values of the transport HOMO-LUMO gap of the organic film was 
determined (see chapter 4) by combining UPS and IPES measurements. 
 
6.5 NEXAFS on In/Organic interfaces 
 
In the following NEXAFS data are presented for the three perylene systems on S-
GaAs and in comparison with different In thicknesses. The results are shown in figure 6.43 
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for C K-edge of PTCDA, PTCDI and Dime-PTCDI. The assignment of the different electronic 
transitions to the observed resonances is indicated by lines, at the bottom of the figure and 
explained in detail in subchapter 6.2.  
Deposition of 0.2 nm In leads to remarkable changes of the NEXAFS fine structures. 
These changes are common for the three molecules and include broadening and strong 
decrease in the intensities. The most affected feature is the one labeled as LUMO +1. Like in 
the Mg/perylene case the changes are related with the charge transfer from the metal into 
LUMO+1. The broadening of this feature is stronger for PTCDI. Moreover the LUMO feature 
shifts towards higher excitation energies clearly indicating that the amount of charge 
transferred to the PTCDI molecule is larger than for the other two. This result correlates very 
well with the observations in PES.  
Above 0.8 nm of In coverage, the LUMO and LUMO+1 features can no longer be 
resolved. The peaks derived from these characteristic resonances are practically developing 
into two broad features. The observed changes in the width of C K-edge may be assigned to 
an increased hybridization between the molecular orbitals of core excited molecules and the 
metal. 
For a molecule in contact with a metal, the creation of the core-hole pulls the LUMO 
and LUMO+1 resonance towards the Fermi level. The presence of density of states at the 
Fermi level leads to a charge transfer from the metal into the unoccupied states. The 
stronger the mixing between the LUMO derived resonances and the metal the shorter the 
lifetime. Consequently, the broadening of the LUMO and LUMO+1 can be attributed to the 
formation of metallic In clusters. Such a broadening could be attributed to disruption in the 
molecular film or of the molecular structure due to the presence of In. But, for thicknesses 
equal to or larger than 1.6 nm the broadening is accompanied by a shift of the LUMO feature 
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Figure 6.43  NEXAFS C K-edge of PTCDA, PTCDI and DiMe-PTCDI as a function of In coverage. 
Bottom: assignment of π* resonance features.  
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towards higher excitation energies and an increase in intensity in PTCDA and DiMe-PTCDI 
and this is a clear indication of charge transfer. Consequently, a disruption of the organic film 
is excluded. The situation of PTCDI is completely different, the features are not increased or 
broadened, eventually decreased suggesting that the film is not disrupted but attenuated in 
intensity due to the metal presence. 
 
6.6 Summary: In/Perylene derivative interfaces 
 
The O1s core level emission spectra of PTCDA as a function of the In coverage is 
strongly affected. The oxygen double bonded to carbon is strongly broadened and from a fit 
procedure a new component evolves. Analyzing the intensities of the O1s components it is 
observed that the carboxylic oxygen evolves into two different environments, in other words 
the degeneracy of the C=O is lifted. Therefore, when In is grown onto PTCDA its molecular 
structure is preserved but the In atoms will absorb near carboxylic oxygen without a chemical 
bond formation. A similar situation is met when depositing In onto PTCDI. The degeneracy of 
C=O is lifted also in this case. On the other hand, the less dramatic changes observed in the 
O1s and N1s core level emission spectra upon In deposition onto DiMe-PTCDI indicates at this 
interface is a small interaction. This is explained by the presence of methylimide group  
Following the electron affinity rule of the functional group in the C1s core level and the 
binding energy of the In components an assignment of the new components arising in the 
C1s, O1s, N1s and In4d core level emission spectra of PTCDA, PTCDI and DiMe-PTCDI was 
possible in a straightforward manner. Consequently, the most affected parts by the presence 
of In are the molecular end groups of the organic molecules. However, strong differences are 
observed and consist of different diffusion rate of In into the organic film. Strong metallic In 
components are observed beyond 1.6 nm In coverage on PTCDI while for PTCDA and DiMe-
PTCDI the metallic component only appears at thicknesses larger than 13 nm. This, at a first 
glance may be related with the structure of the organic film, in particular with the cluster size 
and/or the smoothness of the surface. 
ª  The molecular and structural changes are conducted by a charge transfer from the metal 
to the organic film and redistributed manly over the carboxylic carbon. Such an electronic 
interaction reflects the partial occupancy of the LUMO and LUMO+1, with the formation 
of gap states.  
ª  The evolution of valence band structures provides additional information about the 
degree of diffusion of In into the organic film.  
ª  The energy level alignment between Mg/organic/S-GaAs was established and is 
presented in figure 6.44. 
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(a) 
(b) 
(c) 
Figure 6.44 The energy levels alignment at the In/organic/S-GaAs interfaces. The interface 
formation as the nominal In coverage is increased is depicted for the In/PTCDA interface in top 
image (a) for the In/PTCDI in the center image (b) and for the In/DiMe-PTCDI in the bottom placed 
image 
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     Chapter 7 
7 Conclusions 
 
In this work three perylene derivatives are introduced as organic interlayer in 
metal/organic/S-GaAs(100) heterostructures. The aim was to understand whether a variation 
of the molecular structure by different functional end-groups results in different electronic and 
chemical properties at the interfaces and affects the molecular orientation. 
 The molecules of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA), 3,4,9,10-
perylenetetracarboxylic-diimide (PTCDI) and N-N’-dimethyl-3,4,9,10-perylenetetracarboxylic 
diimide (DiMe-PTCDI) were deposited by OMBD on sulphur passivated GaAs (001) surfaces 
in ultra-high vacuum. The techniques used were surface sensitive PES, IPES and NEXAFS. 
In the following we summarize the main results of this study: 
 Electronic properties of single molecules were calculated using density functional 
theory methods. The calculated densities of occupied states and unoccupied states were 
compared and discussed with respect to the experimental ones. Moreover, the calculated 
core level binding energies were used to make a consistent assignment of the components in 
the experimental spectra.  
 The energy band dispersion of highly oriented DiMe-PTCDI films was determined 
employing photon energy dependent valence band photoemission measurements at normal 
emission. An energy dispersion of about 0.2 eV was observed and attributed to the π-
electron overlap between molecules. 
 Ordering and the orientation of organic molecules. The tilt angle between the organic 
molecules and the sulphur passivated GaAs substrates was determined from the evolution of 
NEXAFS spectra as a function of incidence angle. It was found that the tilt angle varies 
significantly with changing the molecular end-group from flat lying molecules for PTCDI to an 
angle of (56°±5°) for DiMe-PTCDI. 
 Energy level alignment at the organic/S-GaAs interface. Employing the 
complementary techniques UPS and IPES the energy level discontinuities between VBM 
(CBM) and HOMO (LUMO) as well as the transport gap of PTCDA, PTCDI and DiMe-PTCDI 
were determined. 
 Influence of molecular end-group on the electronic and chemical properties at the 
Mg/organic interfaces. The differences observed in the evolution of C1s, O1s, N1s and Mg2p 
core levels and valence band spectra as a function of Mg thickness are related to the distinct 
molecular end groups and with the degree to which the metal atoms diffuse into the organic 
layer. In PTCDA and PTCDI, a strong chemical interaction between Mg and side groups of 
the molecules is present leading to strong modifications in the molecular structure. NEXAFS, 
Chapter 7. Conclusions  - 120 - 
 
 
on the other hand, reveals that the molecular and structural changes are conducted by a 
charge transfer from the metal to the organic film. The electronic interaction is reflected in the 
partial occupancy of LUMO and LUMO+1, together with the formation of the gap states. The 
charge is mainly redistributed over the carboxylic carbon and to a lesser extend over the 
perylene core.  
 Influence of molecular end-group on the electronic and chemical properties at the 
In/organic interfaces. The changes observed in the core level emission spectra of C1s, O1s 
and In4d revealed that in the initial stages, In atoms coordinate weakly with the atoms of the 
functional groups and adsorb on the perylene core. Also, a different degree of diffusion 
between the three molecules is observed. The strongest diffusion occurs at the In/PTCDA 
interface, followed by DiMe-PTCDI and very low diffusion in In/PTCDI. A charge transfer from 
the metal to the molecule with the formation of the new HOMO-LUMO gap states is 
observed. The analysis of the NEXAFS results indicates that the charge transfer occurs via 
the π electron system with occupancy of the LUMO+1. The amount of charge could be 
estimated to be larger for In/PTCDI than for the other two cases.  
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